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ABSTRACT

Oxidative Carbon-Carbon Bond Cleavage Reactions of Metal Flavonolato and
Chlorodiketonate Complexes

by

Sushma L. Saraf, Doctor of Philosophy
Utah State University, 2016

Major Professor: Dr. Lisa M. Berreau
Department: Chemistry and Biochemistry

The research presented in this dissertation has focused on studies of metal
complexes which undergo oxidative aliphatic carbon-carbon bond cleavage using
dioxygen as the oxidant. The goal of this research was to assess the reactivity and
elucidate mechanistic details of the carbon-carbon bond cleavage reactions.
The first part of this dissertation explores the light-induced dioxygenase reactivity
of ruthenium flavonolato compounds. These compounds are of particular interest as they
are currently being explored for their anti-cancer activity. The RuII(6-p-cymene)
flavonolato compounds studied were found to undergo photoinduced carbon-carbon
bond cleavage albeit with low quantum efficiency. The cleaved products were found to
be significantly less toxic than the starting material. The reactivity and loss of toxicity
offers the possibility of light-induced deactivation of such compounds to limit overall
toxicity.
The remainder of the research presented in this dissertation is directed at
understanding mechanistic features that govern the aliphatic carbon-carbon bond
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cleavage reactivity of mononuclear copper(II) chlorodiketonate complexes. Synthetic
organic chemists have utilized molecular oxygen and copper catalysts for many organic
transformations. However, few reports have appeared demonstrating aliphatic carboncarbon bond cleavage mediated by copper and O2 and mechanistic details of these
processes are limited.
The previously reported complex [(6-Ph2TPA)Cu(PhC(O)CClC(O)Ph)]ClO4 was
found to undergo aliphatic carbon-carbon bond cleavage under ambient conditions in the
presence of O2. Notably, a catalytic amount of chloride anion increases the rate of this
reaction. In order to understand this enhanced reactivity, we have performed
mechanistic experiments to probe this system. These include: (1) spectroscopic studies
to probe anion binding to the copper center; (2) variable temperature kinetic studies to
benchmark computational studies; and (3) evaluation of the impact of electron density
within the chlorodiketonate substrate on the rate of the reaction. The nature of the anion
in the [(6-Ph2TPA)Cu(PhC(O)CClC(O)Ph)]ClO4 system was found to play a significant
role in terms of the energy barriers associated with O2 activation and O-O bond
cleavage. The electronic nature of the chlorodiketonate was found to affect the kinetics
for the C-C bond cleavage reaction suggesting a change in mechanism for O2 activation
depending on the substituent present.

(256 pages)
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PUBLIC ABSTRACT

Oxidative Carbon-Carbon Bond Cleavage Reactions of Metal Flavonolato and
Chlorodiketonate Complexes
Sushma L. Saraf

The research presented in this dissertation focuses on the oxidative cleavage of
chemical bonds between two carbon atoms. This type of reactivity is of significant
interest due to its potential application toward the development of ways to convert
chemical feed stock into useful products such as pharmaceuticals, polymers and fuels in
an environmentally benign and cost-efficient manner. Reactions that cleave specific
carbon-carbon bonds, are catalyzed by earth-abundant metals, and involve O2 as the
terminal oxidant, are of particular interest.
Our strategy has been to study the oxidative carbon-carbon bond cleavage
reactivity of metal complexes containing components similar to structures found nature.
The results presented herein demonstrate that such reactions are highly sensitive to the
nature of the metal/organic combination undergoing reaction, and that subtle factors can
dramatically influence the rate of such reactions. Outcomes of the research include the
discovery of a way to modulate the reactivity of potential anti-cancer compounds and
insight into how Cu(II) centers can be tuned for O2 reactivity.
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CHAPTER 1

OXIDATIVE ALIPHATIC CARBON-CARBON BOND CLEAVAGE IN METAL BOUND
FLAVONOLATO COMPLEXES
1. Introduction

There are a number of metalloenzymes that catalyze dioxygenase-type oxidative
carbon-carbon (C-C) bond cleavage reactions. These reactions involve the incorporation
of both oxygen atoms from O2 into one or more substrates and can be divided into two
classes, those that catalyze the cleavage of aromatic C-C bonds, and those that cleave
aliphatic C-C bonds. Metalloenzymes that catalyze the cleavage of aromatic C-C bonds,
including intradiol and extradiol catechol dioxygensases, as well as other ring-cleaving
dioxygenases, have been extensively studied in both enzyme and model systems.1
Dioxygenase metalloenzymes that cleave aliphatic C-C bonds have received
significantly less attention.2 The enzymes that catalyze these types of reactions are
primarily cupin-type proteins that contain iron as the metal cofactor, although other firstrow transition metals including copper, nickel, manganese, and cobalt are also found in
enzymes of this superfamily. In the FeII-containing aliphatic C-C dioxygenases
acetylacetone 2,3-dioxygenase (Dke1),3 hydroxyethylphosphonate dioxygenase
(HEPD),4 and 2,3'-dihydroxyacetophenone dioxygenase (DAD),5 the role of the metal
center is to mediate O2 activation via redox reactivity. In the case of the acireductone
dioxygenases (ARD/ARD') both the FeII and NiII metal centers act as simple Lewis
acids.6 In the fungal and bacterial quercetin dioxygenases, which catalyze
the oxidative cleavage of flavonol-type substrates, a variety of metal ions have been
found to produce active enzymes. These enzymes and their corresponding model
systems are discussed in detail below. In addition, summarized below is the recent
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Table 1-1. Aliphatic C-C bond cleaving dioxygenases.
Enzyme

Metal Ion

Dke1

Fe(II)

Activate O2

HEPD

Fe(II)

Activate O2

DAD

Fe(II)

Activate O2

ARD/ARD'

Fe(II)/Ni(II)

Lewis acid

2,3-QD

Cu(II)a

Activate O2

a

Role of Metal Center

Fungal quercetinases contain Cu(II) whereas

bacterial quercetinases are active in the
presence of Mn(II), Fe(II), Ni(II) or Co(II).

discovery of light/O2-induced reactivity of metal flavonolato complexes of relevance to
the proposed enzyme/substrate adduct in quercetin dioxygenases. This combined
summary of the thermal and photochemical reactivity of metal flavonolato complexes
serves as the background to examine in Chapter 2 the light-induced C-C bond cleavage
reactivity of a new family of ruthenium flavonolato complexes that are being proposed as
anti-cancer agents. Additionally, the mechanistic information presented in this chapter
for quercetin dioxygenases will serve as a background for mechanistic investigations of
aliphatic C-C bond cleavage reactivity in CuII-chlorodiketonate complexes as reported in
Chapters 4 and 5.
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2. Dioxygenase Reactivity of Metal Flavonolato Species in Enzymatic and Related
Model Systems

2.1 Quercetin 2,3-Dioxygenase from Fungi and Bacteria
2.1.1 Structure, Function and Metal Content. Quercetin is a flavonol produced
in a number of fruits and vegetables and is well known for its antioxidant and
antimicrobial properties.7 Decomposition of plant materials leads to the deposition of
quercetin in the soil environment. Here fungi and bacteria degrade the flavonol in a
dioxygenolytic carbon-carbon bond cleavage reaction that results in the formation of the
corresponding depside (phenolic carboxylic acid esters) and carbon monoxide (Scheme
1-1).

Scheme 1-1. Dioxygenase reactivity of quercetin.

The active sites of quercetin 2,3-dioxygenase (2,3-QD) from Aspergillus
japonicus and Bacillus subtilis were found to contain mononuclear Cu(II) and Fe(II)
metal centers, respectively.8,9 Both are members of the cupin superfamily of proteins
albeit with distinct coordination environments for the active site metal center. The Cu(II)
center of fungal quercetinase exhibits two different geometries as determined by X-ray
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crystallography. One is a distorted tetrahedral geometry composed of three histidine
residues and a water molecule. In the other, a glutamate ligand (Glu73) is also
coordinated in an axial position to give an overall trigonal bipyramidal geometry. The
enzyme-substrate (ES) complex exhibits monodentate coordination of quercetin via
deprotonation of the O(3) atom by Glu73, leading to a distorted trigonal bipyramidal
geometry for the ES adduct.10 It can be noted that the coordinated quercetin has
increased pyramidalization at the C(2) atom indicating increased sp3 character that may
stabilize radical formation during the reaction with O2. It is proposed that there is a
degeneracy between [Cu(II)-substrate] and [Cu(I)-substrate radical] species that enables

Scheme 1-2. Proposed reaction pathway in fungal quercetinases.

O2 activation and the subsequent formation of a bridging peroxo species from which
carbon-carbon bond cleavage occurs (Scheme 1-2).10-11
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The B. subtilis enzyme was initially reported to be an Fe(II)-containing quercetin
2,3-dioxygenase and was crystallized with Fe(II) present in both active sites of this
bicupin protein.9 Both metal centers were found to be coordinated by three histidine
residues, one glutamate and a water molecule. The overall geometry of the Fe(II) center
is distorted trigonal bipyramidal in the N-terminal active site and distorted square
pyramidal for the C-terminal active site. Metal ion replacement studies have shown that
the catalytic activity of the Mn(II)- and Co(II)- containing enzymes were 35- and 24- fold
more active, respectively, than the Fe(II)-containing native enzyme. On this basis, Mn(II)
is proposed as the preferred metal cofactor for 2,3-QD from B. subtilis, and EPR studies
indicate a high-spin mononuclear Mn(II) with octahedral coordination.12
The 2,3-QD from Streptromyces sp. FLA is a monocupin dioxygenase13 and
when over-expressed in E. coli displays the highest level of reactivity when Ni(II) and
Co(II) salts were added to the LB medium.14 Addition of Mn(II), Fe(II), Cu(II), or Zn(II)
however, did not produce an enzyme of similar activity. EPR studies indicate that the
Co(II)-containing enzyme is a high-spin mononuclear metal center in either a trigonal
bipyramidal or tetrahedral geometry in the resting state.
2.1.2 Mechanism. The reaction catalyzed by 2,3-QD is a spin forbidden process.
The triplet ground state of O2 reacts with a singlet flavonol to form the singlet ground
state products depside and CO. In order for this reaction to take place, a form of
activation is required. In the fungal quercetinase, a Cu(I)-substrate radical species has
been hypothesized to arise from the flow of one electron from the flavonolate to the
copper. There are two pathways in which this CuI-flavonoxy radical can interact with
dioxygen.10 As shown in Scheme 1-3, O2 can be activated by coordination to the CuI ion
leading to the reduction of dioxygen to form a CuII-superoxide species (Path A). The
superoxide radical is then able to attack the substrate radical to form a peroxide bridge
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followed by an intramolecular nucleophilic attack by the CuII-coordinated peroxide
oxygen atom to the C(4) atom of the substrate to form an endoperoxide. Path B
represents an alternative in which the radical center of the flavonolate can react with O2
to form a flavonol bound superoxide which can subsequently form the endoperoxide.

Scheme 1-3. Proposed O2 activation mechanisms for fungal quercetinases.
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For the bacterial quercetinases it can be noted that the metal ions that are
catalytically active have MII/MIII reduction potentials that span a range more than 1.5 V. A
reaction mechanism involving oxidation of the MII metal center to form M(III)-O2- species
is therefore unlikely. Formation of a MI-flavonoxy radical is also unfeasible for MnII, FeII,
NiII, and CoII centers due to the inaccessibility of the +1 oxidation state and suggests that
the redox properties of the bound metal are relatively unimportant. Therefore, an outer
sphere electron transfer from the MII-flavonolato complex to dioxygen to form a MIIflavonoxy radical and a superoxide anion radical has been suggested. This outer sphere
electron transfer is in agreement with the observed reactivity of free flavonolate anions
which are capable of reaction with O2 to generate 2,4-dioxygenolytic cleavage
products.15 Recently, a crystal structure of the NiII-containing quercetin 2,4-dioxygenase
from Streptomyces was reported in the presence of dioxygen.16 It was found that O2
binds side-on to the NiII metal center perpendicular to the C(2)-C(3) and C(3)-C(4) bonds
of quercetin. Although the electronic state of the NiII-quercetin-O2 complex was
unresolved, the O-O bond length of dioxygen was observed to be up to 1.35 Å, thus
indicating either dioxygen or superoxide bound to the Ni center. The proximity of the NiIIbound O2 to the C(2) of quercetin (2.6 Å) allows slight overlap of the van der Waals radii
of both oxygen and carbon atoms thereby requiring minimal movement to form a
bridging peroxide transition state.
These results indicate that quercetin 2,3-dioxygenase enzymes have remarkable
variability in metal cofactor selectivity and structural flexibility. The catalytic activity of the
enzymes is significantly influenced by the nature of the metal ions.9, 11-12, 14, 17 The role of
the metal ion may be to control the orientation of the bound substrate, modulate the
reduction potential of the bound substrate, and/or provide electrostatic stabilization of the
intermediates.
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2.2 Thermal Reactivity of Metal Bound Flavonolato Model Systems
Following the breakthrough in the structural characterization of the QD enzyme
from A. japonicus,8f extensive studies of CuII 2,3-QD model complexes by Speier have
provided insight toward understanding the mechanism by which this enzyme oxidatively
cleaves carbon-carbon bonds. These early functional models contained a 3hydroxyflavonlato ligand bound to a CuII metal center in a bidentate fashion with the CuII
center supported by three additional nitrogen donor ligands.18 The bidentate flavonolato
coordination mode was observed in all of the model complexes, unlike the enzyme in
which only the deprotonated C(3)-O is bound in a monodentate fashion. This difference
is likely due to the formation of a favorable five-membered chelate ring in the model
system, as opposed to the monodentate-bound substrate which is stabilized by van der
Waals forces and hydrogen bonding with nearby residues in the native enzyme. The
dioxygenolysis of these early enzyme-substrate model complexes demonstrated that
reasonable rates were only found at elevated temperature (80-120 ⁰C).19 It is believed

Scheme 1-4. Theorized internal redox between a CuII flavonolate and CuI flavonoxy
radical followed by activation of dioxygen in model complexes.

that the reason these types of model complexes require elevated temperatures is due to
the bidentate nature of the bound flavonolate. The thermodynamically favorable five-
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membered chelate ring leads to a less stable CuI-flavonoxy radical species that is of a
transient nature. The CuI radical species is believed to be the reactive species capable
of activating O2 in the rate determining step (Scheme 1-4).19b
Enzyme-product (EP) complexes were also generated and both ES and EP
complexes have been reported to be capable of catalyzing flavonol dioxygenolysis. In
the presence of excess acetate or benzoate co-ligand, the rate of the reaction was
observed to dramatically increase.20 It is believed that the carboxylate competes for a
coordination site with the flavonolate thereby weakening the chelation effect. This leads
to a more asymmetric and monodentate coordination of the flavonolato ligand,
subsequently increasing the electron density on the C(2) atom and allowing easier
access to the flavonoxy radical species (Scheme 1-5).

Scheme 1-5. Carboxylate enhanced O2 reactivity of a CuII 3-Hfl model complex.20

Prior to 2013, little was known regarding the role of the metal ion and glutamate
ligand in the bacterial quercetin 2,3-dioxygenase enzymes. There have been two
reported examples demonstrating that addition of excess free carboxylate to N-chelating
ES-model complexes [CuII(fla)(idpa)]ClO4 (idpa: 3,3'-iminobis(N,N-
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dimethylpropylamine)20 and [FeIII(fla)(salen)] (fla: 3-hydroxyflavonolato, salenH2: 1,6-bis(2-hydroxyphenyl)-2,5-diaza-hexa-1,5-diene)21 accelerated the dioxygenase reactivity of
the coordinated flavonolato ligand. As mentioned above, it is believed that the
coordination of the external carboxylate enhances reactivity by forcing the flavonolato
into a more electron dense monodentate coordination, enabling easier access to the CuI
flavonoxy radical species, and thereby facilitating dioxygen activation. Two types of CuII
complexes having a coordinated carboxylate group have also been reported ([CuIILCl]
(L: 1-benzyl-4-acetato-1,4,7-triazacylcononane)22 and [CuII(BPEA)Obs] (BPEA: N,Nbis(2-pyridylmethyl)amino-2-ethanoate, Obs: O-benzoylsalicylic acid))23 as resting
enzyme and enzyme-product (EP) complex models, respectively. However, no observed
effect of the carboxylate ligand on dioxygenase reactivity was reported.
In 2013, Kaizer and Sun independently reported a series of divalent transition
metal flavonolato complexes [MII(3-Hfl)(L)] (M: Mn, Fe, Co, Ni, Cu, Zn; 3-Hfl: 3hydroxylavonolato) as structural and functional models of enzyme substrate complexes
for the various metal(II)-containing 2,3-QD's. 24 These model systems contain a 3-N
donor supporting ligand with a carboxylate side arm (Figure 1-1). The ligands PBMPA
(L: N-propanoate-N,N- bis(2-pyridylmethyl)amine) and MPBMPA (L: Nmethylpropanoate-N,N-bis(2-pyridylmethyl)amine) employed by Kaizer differ from that
used by Sun (L: 2-([bis(pyridin-2-ylmethyl)amino]methyl)benzoate) in that an Npropanoate side arm versus an N-benzoate side arm was employed. The dioxygenase
reactivity of Kaizer's complexes were evaluated only stoichiometrically and were found
to be less reactive than those of Sun (Table 1-2). For the scope of this review, we will
focus on the thermally reactive 2,3-QD model complexes of Sun's work and refer the
reader to a review article for more on Kaizer's work. 24a, 25
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The 2,3-QD ES model complexes of Sun et al., were a significant contribution
toward understanding the role of the metal ion in bacterial 2,3-QD's. As shown in Figure
1-2, the structural characterization of [MIIL(3-Hfl)] for FeII, CoII and NiII complexes
revealed a distorted octahedral geometry around the metal center involving both oxygen

Figure 1-1. Bacterial 2,3-QD model complexes reported by (a) Kaizer and (b) Sun.
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Table 1-2. Summary of the kinetic data for the
dioxygenation of MIIL(3-Hfl) complexes
reported by Kaizer and Sun.
kobs (102 M-1s-1)

Complex

Kaizera,b

Sun.c

MnIIL(3-Hfl)

0.82

2.05

FeIIL(3-Hfl)

58.6

179

II

2.09

34.0

II

0.43

7.11

II

1.34

113

Co L(3-Hfl)
Ni L(3-Hfl)
Cu L(3-Hfl)
a

L = PMBA

b

c

80 ⁰C in DMF; 70 ⁰C in DMF

atoms of the 3-Hfl, one oxygen atom from the benzoate arm, and three nitrogen atoms
from the supporting ligand. The C(21)-O(3) bond lengths for these complexes are
1.316(3) Å, 1.313(2) Å, and 1.311(3) Å, respectively, and are slightly contracted relative
to free 3-hydroxyflavonol (3-HflH; 1.357(3) Å). The flavonolato carbonyl (corresponding
to C(4)=O(4-carbonyl) of flaH) bond distances for the Fe, Co and Ni complexes were
found to be 1.261(3) Å, 1.259(2) Å and 1.259(3) Å, respectively, and are longer than that
of free flavonol (1.232(3) Å). The C(21)=C(22) bond distances for the metal flavonolato
complexes (C(2)=C(3) of 3-HflH) are 1.372(3) Å for FeII, 1.376(2) Å for CoII, and 1.381(3)
Å for NiII, all of which are elongated with respect to free flavonol (1.363(4) Å). This C=C
bond elongation upon metal coordination is believed to facilitate the cleavage of the
C(21)=C(22) bond during dioxygenolysis due to increased sp3 character by
pyramidalization at C(22), thereby stabilizing the substrate radical produced from the
reaction with O2.10-11
The complexes [MIIL(3-Hfl)] exhibit an intense absorption feature at 398-440 nm
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Figure 1-2. X-ray crystal structures of [FeIIL(3-Hfl)] • H2O (left), [CoIIL(3-Hfl)] • CH3OH
(middle), and [NiIIL(3-Hfl)] (right).24b; used with permission, see appendix C

in DMF (Table 1-3) which can be assigned to the π - π* transition of the flavonolato Bring (Scheme 1-1). The [MIIL(3-Hfl)] complexes all show a hypsochromic shift by
approximately 18-60 nm compared to the flavonolate salt ([Me4N+][3-Hfl-]) in CH3CN
(λmax = 458 nm)26 in the order of Ni < Cu < Mn < Co ~ Zn < Fe. As was found for the
enzyme system,14 this indicates that the degree of the hypsochromic shift is affected by
the nature of the M(II) ion, and that the electron distribution of the coordinated substrate
flavonolato ligand may be moderated by the nature of the metal ion by means of an
"electronic bridge" through the C(21)=C(22) double bond.
Quasi-reversible redox couples were observed by cyclic voltammetry for [MIIL(3Hfl)] complexes in which M = Fe, Co, and Cu (Table 1-3). The one-electron reduction
potential for the FeIII/FeII and CoIII/CoII couple were found at -0.094 V and -0.062 V (vs.
SCE), respectively. For [CuIIL(3-Hfl)], a quasi-reversible couple occurred at -0.427 V,
which can be attributed to the reduction of CuII to CuI. Metal redox couples were not
found for the MnII, NiII, and ZnII complexes within the range of -1.5 - +1.5 V.
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The oxidation potential (Epa) of the coordinated flavonolato ligand in [MIIL(3-Hfl)]
complexes was measured under nitrogen atmosphere and range from +0.169 to +0.469
V (Table 1-3). The ease of oxidation of the flavonolato ligand follows the order [FeII/IIIL(3Hfl)] > [CuIIL(3-Hfl)] > [CoIIL(3-Hfl)] > [NiIIL(3-Hfl)] > [ZnIIL(3-Hfl)] > [MnIIL(3-Hfl)] with the
Fe complex having the lowest 3-Hfl- to 3-Hfl• oxidation potential (+0.169 V) and MnII with
the highest (+0.469 V). The order of the oxidation of the flavonolate anion follows just
the reverse order of the Lewis acidity order of the metal ion: ZnII < CuII > NiII > CoII > FeII
> MnII, as provided by the Irving-Williams series.27 It should be noted that

Table 1-3. Spectroscopic, CV, and kinetic data for MIIL(3-Hfl) complexes.
Complex
II

Mn L(3-Hfl)
II / III

Fe

L(3-Hfl)
II / III

Co

L(3-Hfl)

II

Ni L(3-Hfl)
II

Cu L(3-Hfl)
II

Zn (3-Hfl)

λmax (nm, M-1cm-1)

M E1/2 (V)

3-Hfl-/3-Hfl•
Epa (V)

102k(M-1s-1 )

422 (10695)

---

+0.469

2.05  0.13

398 (9384)

-0.094

+0.169

179  0.08

417 (13281)

-0.062

+0.396

34.0  0.04

440 (15184)

---

+0.401

7.11  0.16

423 (10205)

-0.427

+0.243

113  0.03

417 (9909)

---

+0.438

3.37  0.10

although FeII and CoII are less Lewis acidic than NiII, these metals are most likely in the
+3 oxidation state based on the reduction potentials given in Table 1-3.
The dioxygenation reactivity of [MIIL(3-Hfl)] complexes with [MIIL(3-Hfl)] are first
order with respect to both [MIIL(3-Hfl)] and O2, therefore making the overall reaction
second order (-d[MIIL(3-Hfl)]/dt = k[MIIL(3-Hfl)][O2]). The second order rate constants are
given in Table 1-3. It can be seen that there is a direct correlation between the oxidation
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potential of 3-Hfl- to 3-Hfl• and the rate constants determined for the oxidative
degradative reaction. In terms of dioxygenase reactivity, the metal complexes were
found to be ranked in the order: [FeII/IIIL(3-Hfl)] > [CuIIL(3-Hfl)] > [CoII/IIIL(3-Hfl)] > [NiIIL(3Hfl)] > [ZnIIL(3-Hfl)] > [MnIIL(3-Hfl)] with the Fe having the highest reactivity and Mn the
lowest. The differences among the reactivity of the [MIIL(3-Hfl)] complexes can be
attributed to the redox potential of the coordinated flavonolato of the complexes, which
are remarkably influenced by the Lewis acidity of the metal ion and its coordination
environment. Based on these results, the proposed reaction mechanism for the [MIIL(3Hfl)] complexes is given in Scheme 1-6.24b
In order to further probe the electronic effects of the supporting ligand in ES 2,3QD model complexes, Sun et al. evaluated the reactivity of a series of MII-flavonolate
complexes [MIILR(3-Hfl)] (M: CoII, NiII; LRH: 2-([bis(pyridin-2-ylmethyl)amino]methyl)-p/mR-benzoic acid (Figure 1-3); R: p-OMe, p-Me, m-Br, and m-NO2).28 As shown in Figure
1-4, X-ray structures revealed the B-ring of the bound flavonolato in each complex to be
bent out of plane with respect to the rest of the flavonolato molecule. The torsion angles
of C(21)-C(22)-C(30)-C(31) are given in Table 1-4. The plot of the torsion angle of the
flavonolato vs. Hammett constant  was found to be linear with positive  values of 0.95
and 0.97 for the CoII and NiII systems, respectively. This indicates that the torsion angle
of the flavonolato is affected by the electronic nature of the substituent group. The 3-Hflto 3-Hfl• oxidation potentials were found to be in the order of p-OMe > p-Me > p-H > m-Br
> m-NO2 in terms of ease of oxidation for both Ni and Co metal centers (Table 1-4). The
redox potentials for the metal centered reduction of CoIII to CoII in the [CoIILR(3- Hfl)]
complexes were also recorded under anaerobic conditions and found to fall within the
range of -0.080 V to -0.132 V. The ease of the CoIII/II reduction follows the order of: p-
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Scheme 1-6. Proposed dioxygenase reaction mechanism of ES model complexes
[MIIL(3-Hfl)].

Figure 1-3. Structure of ligand LRH.

center is also affected by the electronic nature of the substituent group. The presence of
an electron-donating group leads to an increase in electron density on the CoII metal
center thereby making it easier to oxidize.
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Figure 1-4. X-ray crystal structures of [CoIILOMe(3-Hfl)]•CH3OH (left), [CoIILBr(3-Hfl)] •
CH3OH • H2O (middle), [CoIILNO2(3-Hfl)] • Et2O • H2O (right).28a; used with permission, see appendix C

Table 1-4. Spectroscopic, CV, and kinetic data for benzoate substituted MII complexes.
Metal
Center

CoII/III

Benzoate
Substituent

Torsion
Angle (⁰)

λmax (nm, M-1
cm-1 )

3-Hfl-/3-Hfl•
Epa (V)

10-2k(M-1s-1 )

p-OMe

-0.914(12)

422 (9778)

+0.315

49.4  0.24

p-Me

---

419 (10510)

+0.334

40.5  0.17

p-H

-6.275(44)

417 (13281)

+0.396

34.0  0.04

m-Br

-9.876(7)

415 (10660)

+0.409

13.7  0.10

-11.030(7)

413 (10510)

+0.588

9.60  0.04

p-OMe

1.156(1055)

443 (11700)

+0.326

35.5  0.16

p-Me

---

441 (14100)

+0.366

8.51  0.06

p-H

---

440 (15184)

+0.401

7.11  0.16

m-Br

8.963(990)

439 (11500)

+0.540

5.03  0.07

17.884(1249)

437 (14200)

+0.743

4.19  0.07

m-NO

NiII

m-NO

2

2

The dioxygenase reactivity of the ES-model complexes for both CoII and NiII are
shown in Table 1-4, and rank in the order of p-OMe > p-Me > p-H > m-Br > m-NO2. This
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follows the trend that the higher the degree of planarity in the flavonolate (i.e. lower the
degree of torsion), the easier it is to facilitate electron density movement towards it. The
flavonolato is more electron rich making it a better reducing agent, and thereby leading
to an increase in reactivity.
In order to gain insight into metal ion and carboxylate effects on catalytic activity,
Sun et al. synthesized and characterized a series of [MIIL(OAc)] complexes (LH = 2([bis(pyridin-2-ylmethyl)amino]methyl)-4-methoxy benzoic acid).29 As was seen for the
[MIIL(3-Hfl)] complexes, redox activity at the metal center in the case of Fe, Co, and Cu
was observed, and the reduction potentials are reported in Table 1-5. It was found that in
the presence of oxygen, [FeIIL(OAc)] readily oxidized to form the μ-oxo diiron(III)
complex [(FeIIIL)2(μ-O)(μ-OAc)]Cl.

Table 1-5. Redox potential and reactivity data for [MIIL(OAc)] complexes.
Complex

M E1/2
(V)

3-Hfl-/3-Hfl•
Epa (V)

103 k(M-2s-1 )

TON

Conversion
Rate (h-1)

[MnIIL(OAc)]

---

+0.417

16.5  0.12

16.5

1.37

[FeII/IIIL(OAc)]

-0.110

+0.179

5.51  0.02

13.4

1.12

[CoII/IIIL(OAc)]

-0.169

+0.315

579  0.08

16.5

1.37

[NiIIL(OAc)]

---

+0.326

95.3  0.07

16.2

1.35

[CuIIL(OAc)]

-0.462

+0.460

13.5  0.12

16.1

1.34

[ZnIIL(OAc)]

---

+0.396

45.2  0.03

18.3

1.50

Plots of the reaction rate vs. varied concentrations of [MIIL(OAc)], 3hydroxyflavonol, and O2 were all found to be linear, respectively. The rate law -d[flaH]/dt
= k[flaH][MIIL(OAc)][O2] was derived and the third order rate constants are given in Table
1-5. The reactivity of the complexes were found to be in the metal dependent order of Co
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> Ni > Zn > Mn > Cu > Fe, which is opposite to the order of the oxidation potential of the
coordinated flavonolato: Fe < Co < Ni < Zn < Mn < Cu. This inverse relationship between
reactivity and flavonolato oxidation potential is similar to that observed for [MIIL(3-Hfl)]
complexes. The observed outlier in this trend is the FeII complex. The decrease in
activity for this complex is most likely due to the formation of the less active [(FeIIIL)2(μO)(μ-OAc)]Cl complex.29
The dioxygenolysis of flavonol catalyzed by [MIIL(OAc)] (5% molar ratio relative
to 3-HflH substrate) in DMF with temperatures ranging from 70 - 100 ⁰C gave Obenzoylsalicylic acid (HObs) and CO as the primary products. The turnover number
(TON) and conversion rates (Table 1-5) were found to range between 13.4 - 18.3 and
1.12 - 1.50 h-1, respectively. Additionally, catalytic behavior was also observed for up to
a ratio of 1:200 in terms of the initial concentration of [MIIL(OAc)] and free flavonol. It can
be noted that the catalytic reactivity of the previously reported 2,3-QD model complexes,
[FeIII(O-bs)(salen)],30 [CuII(3-Hfl)(idpa)]ClO4,19b and [CuII(3-Hfl)2],31 were lower and
required higher temperatures (80 - 139 ⁰C).
By investigating a series of first-row transition metal 2,3-QD model complexes
containing a carboxylate ligand, significant insight has been gained regarding the metal
ion effects and carboxylate effects on enzymatic activity. The role of the Glu73 residue in
2,3-QD can be potentially broadened to more than that of just an inner sphere base, but
to in fact facilitate O2 activation by increasing the electron density of the flavonolato
ligand via the metal ion O(carbonyl)=C(4)-C(3)=C(2) "electron conduit." As shown in
Scheme1- 6, this increase in electron density either facilitates the formation of a reduced
MI-flavonoxy radical species (Path C, M = Cu) capable of metal facilitated O2 reduction,
or direct reduction of O2 by the metal bound flavonolato (Path B, M = MnII, NiII, ZnII; Path
A, M = FeII and CoII).
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In the stoichiometric model complexes [MIIL(3-Hfl)], the Lewis acidity of the metal
ion clearly plays a role in dioxygenase reactivity. It can be noted that the catalytic
reactivity of dioxygenolysis of the flavonol substrate by [MIIL(OAc)] complexes, however,
was not influenced by the redox potential of the metal ion, regardless of whether the
metal was redox active or inert. This indicates that the major catalytic role of the metal
ion is to tune the redox potential of the bound substrate and stabilize the flavonoxy
radical generated through delocalization of the unpaired electron, rather than direct
redox participation.
2.3 Photoreactivity of Metal Flavonolato Complexes
2.3.1 Photoreactivity of 3-Hydroxyflavonol. The neutral molecule 3hydroxyflavonol has been previously shown to undergo light induced oxidative
degradation to produce the depside product O-benzoylsalicylic acid and carbon
monoxide (CO) in the presence of the photosensitizer Rose Bengal.32 It should be noted
that in the absence of the photosensitizer, when 3-HflH (3-hydroxyflavonol) was
irradiated in pyridine with a 100 W high-pressure mercury lamp no reaction was
observed by Matsuura et al.32 Free 3-HflH was also reported to undergo photoinduced
isomerization to give 3-hydroxy-3-phenyl-1,2-indandione,33 and with continued exposure
to UV-light, converted to a 3-arylphthalide (Scheme 1-7).34
Yokeo and co-workers reported that the presence of metal ions (CuII, NiII, FeIII,
and CoII) either prevented the photochemical rearrangement of flavonols, or had no
effect on photochemical reactivity (CaII, MgII and HgII).34a Cornard showed that metal
complexation of 3-Hfl to Zn and Pb ([Zn(3-HFl)]+ and [Pb(3-Hfl)]+) influenced the rate of
photodegradation, however, only the photoproduct (3-phenyl-3-hydroxy-1,2-indandione)
was reported.33b
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Scheme 1-7. Photoinduced isomerization reactivity of 3-HflH.

2.3.2 Photoreactivity of 3-Hydroxyflavonlato Metal Complexes. In 2010,
Grubel et. al first reported the synthesis, characterization, and ligand exchange reactivity
of a series of first row transition metal complexes of the general formula [(6Ph2TPA)MII(3-Hfl)]X (M: Mn, Co, Ni, Cu, Zn; 6-Ph2TPA: N,N-bis((6-phenyl-2pyridyl)methyl)-N-((2-pyridyl)methyl)amine; X: -OTf or ClO4-) (Figure 1-5).26 Although no
thermal dioxygenase reactivity was reported, photochemical reactivity was demonstrated

Figure 1-5. Quercetin dioxygenase model complexes reported by Grubel et al.
for these model complexes and is outlined in detail below.
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The [(6-Ph2TPA)MII(3-Hfl)]X (M = MnII, CoII, NiII, CuII, ZnII) family of compounds
reported by Grubel et al.,26 as well as the CdII, HgII, and PbII analogs, were found to
undergo light-induced (UV or visible) dioxygenase-type reactivity under mild aerobic
conditions.35 As shown in Scheme 1-8, photoreaction of these complexes results in the
generation of similar types of products to those produced in the thermal reactions
outlined above (depside complex and CO).35 It should be noted that the FeII analog

Scheme 1-8. Photochemical reactivity of [(6-Ph2TPA)Zn(3-Hfl)]+ in the presence of O2.

was found to first undergo oxidation in the presence of O2 to give a diiron(III) μ-oxo
complex [(6-Ph2TPAFeIII(3-Hfl))2(μ-O)](ClO4)2 and was not further evaluated for lightinduced reactivity. The use of 18O2 in these reactions results in quantitative incorporation
of both 18O2 atoms in the depside product and quantitative release of CO.
The photochemical efficiency in terms of quantum yield (Φ) for these complexes
is reported in Table 1-6. The quantum yield values for the d10 metal complexes ZnII, CdII,
HgII, and PbII are approximately 40-fold higher than that of the MnII, CoII, and CuII
complexes. The lower quantum yields for the latter complexes are due to quenching of
the excited state by the open-shell dn metal ions.35b
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Table 1-6. Spectroscopic and reactivity data for [(6-Ph2TPA)M(3-Hfl)]X complexes.

a

b

Metal

Coordination
Number

ΔM-O (Å)a

λmax (nm, M-1, cm-1)b

c

Ref.

Mn(II)

6

0.022

431 (17600)

0.005

35b

Co(II)

6

0.22

422 (17100)

0.005

35b

Ni(II)

6

0.035

443 (20000)

0.008

35b

Cu(II)

5

0.089

428 (22200)

0.005

35b

Zn(II)

5

0.17

420 (20100)

0.09(1)

35c

Cd(II)

6

0.07

430 (13500)

0.28(2)

35c

0.31(2)

35c

0.21(6)

35c

a
a

Hg(II)

6

0.21

415 (14000)

Pb(II)

6

0.37

406 (16000)

- b

a

-

X = ClO4 , X = OTf

Reaction quantum yield with λirr = 300 nm in CH3CN solution.

While the photochemistry of 3-HflH has been previously evaluated under a
variety of conditions,32, 34, 36 there have been no previous reports, prior to Grubel's work,
of metal-flavonolato photochemistry leading to enzyme-like products (depside). The work
of Grubel et al. represents the first series of transition metal ES complexes, in either
stoichiometric or catalytic amounts, capable of exclusively promoting the photoinduced
oxidative degradation of 3-HflH to produce O-bsH and CO.
3. Ruthenium(II) Flavonolato Complexes as Anti-Cancer Agents

The discovery of the anticancer drug cisplatin (cis-Pt(NH3)2Cl2) in 1965 was a
hallmark discovery in the bioinorganic field.37 However, because cisplatin is known to
have several deleterious side-effects,38 the development of new types of coordination
complexes with anticancer properties are a topic of strong interest. Recently,
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ruthenium(II) arene complexes have been investigated as alternatives to platinum
compounds for anticancer chemotherapy.39 The ruthenium(II) arene scaffold provides a
versatile structural motif that has enabled the preparation of a variety of compounds.39b
As shown in Figure 1-6, the RuII-arene unit can serve as a useful template in which the
arene acts as a hydrophobic surface to increase non-covalent interactions with DNA.
The ligands that form the base of the piano-stool-type structure can either function as
labile sites on the RuII center, or can serve as mono, bi, or tris-dentate chelates that
possess biological activity.

Figure 1-6. Ruthenium(II)-arene scaffold. X, Y, and Z can be mono, bis, or tris-dentate
ligands.

In 2012, Kurzwernhart et al. reported the synthesis, characterization and
biological activity of the 3-hydroxyflavonolato RuII complex [RuII(η6-p-cymene)(3-Hfl)(Cl)]
and derivatives thereof (Figure 1-7).40 X-ray structures of these complexes revealed a
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pseudo-octahedral "piano-stool" configuration. The flavonolato ligand coordinates in a
bidentate fashion to form a nonplanar, five-membered metallocycyle. The phenyl
substituent of the flavonolato ligand is bent out of plane with torsion angles ranging from
0.2(3)⁰ to 48.4(4)⁰ in the p-Cl and o-Cl analogs, respectively. The RuII-O(3-Hfl) bonds
were observed to be slightly asymmetric with an average ΔM-O of 0.044 Å.
Aqueous studies of the complexes by 1H NMR showed rapid exchange of the
chloride ligand with water.40b The resulting RuII aqua species were found to be relatively
stable in aqueous media for approximately 24 h. A dimeric hydrolysis product,

Figure 1-7. RuII-arene 3-Hfl complexes investigated as anticancer agents.

[Ru2(cym)2(OH)3]+, was observed to form after 6 days. It should be noted that the RuIIflavonolato complexes showed 10-fold greater solubility in water than their respective
flavonol ligands.
The RuII-3-Hfl complexes were found to exhibit antiproliferative activity, as well as
topoisomerase inhibition.40-41 Cytotoxicity studies performed using the MTT assay
showed significant in vitro anticancer activity with IC50 values in the low μM range.
Compared to the unsubstituted 3-Hfl ligand, compounds having ortho substitution of the
phenyl ring displayed the lowest level of cytotoxicity while derivatives having meta and
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para substitutions showed increasing anticancer activity. The type of substituent in terms
of electron withdrawing vs. electron donating however, did not seem to influence
cytotoxicity, with the p-CH3 and m-F substituted flavonolato complexes displaying the
best overall anticancer activity.
Topoisomerases are enzymes that participate in DNA replication, transcription,
recombination, and chromatin remodeling.42 Classification of a type I vs. type II depends
on whether the topoisomerase induces a single or double stranded break.
Topoisomerase IIα is typically over-expressed in many types of cancer. Flavonoids have
been previously reported to inhibit human topoisomerases,43 therefore the RuII
flavonolato complexes were evaluated for their topoisomerase inhibition properties.
Notably, the extent of inhibition was found to correlate well with the potency of the in
vitro anticancer ability of each complex. The RuII complexes showed higher
topoisomerase IIα inhibition than their respective neutral flavonols. The increase in
topoisomerase inhibition by the ruthenium flavonolato complexes compared to that of the
free flavonols is most likely due to the mulit-targeting nature of the complexes. The aqua
complexes (generated via Cl- exchange with H2O) were shown to covalently interact with
the model DNA compound 5'-GMP while retaining flavonolato coordination. Introduction
of the RuII complex to the model DNA nucleotide results in the formation of a 5'-GMP N7
adduct indicated by an upfield shift in the H8 signal of 5'-GMP from 8.1 to 7.6 ppm by
NMR spectroscopy.40a, 44 Based on these results it is proposed that the RuII complex
covalently binds DNA via the coordination site previously occupied by the labile water
molecule. Therefore, a crucial step in the activation of ruthenium complexes for
anticancer activity is aquation of the Ru-X (X = labile monodentate ligand) to form the
more reactive aqua species.
Photoactivation presents an attractive approach toward controlling the biological
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activity of RuII(arene) complexes.45 Sadler first reported a piano-stool RuII arene complex
[(p-cymene)Ru(bpm)(py)][PF6]2 (bpm: 2,2'-bipyrimidine, py: pyridine) that undergoes
selective photodissociation of the pyridine ligand when illuminated with visible light.46 In
the presence of the model nucleobase, 9-ethylguanine (9-EtG), binding of this reactive
species to DNA was confirmed by 2-D NMR spectroscopy (Scheme 1-9). In a later
study, Sadler reported that linking a protein containing an Arg-Gly-Asp sequence to the
photo-labile pyridine ligand of these types of complexes allowed site specific release
upon photoirradiation, enabling RuII binding to target tumor endothelial cells.47
Based on the recent discovery of photoinduced reactivity of divalent metal
flavonolato compounds, investigation of the photoreactivity of RuII flavonolato
compounds is of interest. It is suspected that the photoirradiation of these RuII species
will lead to the degradation of the flavonolato ligand through O2-dependent C-C bond

Scheme 1-9. Photoinduced DNA binding of a RuII arene species.

cleavage and release of CO. The evaluation of p-cymene RuII flavonolato species for
photochemical reactivity is reported in Chapter 2.
This dissertation is focused on understanding the conditions under which
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Scheme 1-10. Site-specific photoinduced DNA binding of a RuII arene species.

oxidative carbon-carbon bond cleavage occurs. Chapter 2 of this publication represents
an evaluation of the light-induced dioxygenase-type C-C bond cleavage reactivity of RuII
flavonolato compounds. Chapters 4 and 5 are mechanistic investigations of CuII
diketonate complexes that undergo of O2-dependent C-C bond cleavage within the
diketonate ligand under ambient conditions. This work reveals how broadly the wellestablished mechanistic principles of quercetin dioxygenase can be applied. The
mechanistic paradigm of 2,3-QD can be extended beyond flavonols and applied to
organic synthesis reactions.
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CHAPTER 2
PHOTOCHEMICAL REACTIVITY of RuII(6-p-CYMENE) FLAVONOLATO
COMPOUNDS‡
Abstract

Photoactivation is a promising approach for modulating the biological activity of
RuII compounds. In this work, RuII flavonolato compounds, [Ru(6-p-cymene)(L)(3Hfl)]OTf (8; 3-Hfl = monoanion of 3-hydroxyflavonol; L = solvent) and [Ru(6-pcymene)Cl(3-Hfl-X)] (3a-3c; 3-Hfl-X = p-H, -Cl or –F on the flavonolato phenyl
substituent), have been evaluated for photoinduced reactivity within the flavonolato unit
upon irradiation with UV (300 nm) or visible (419 nm) light under aerobic conditions. For
each compound, irradiation in CH3CN was found to result in the loss of the p-cymene
ligand and the formation of products resulting from oxidative ring opening of the
flavonolato ligand in a dioxygenase-type reaction. This reaction also results in the
release of carbon monoxide. The RuII products generated in these reactions are
[RuII(solvent)(carboxylato)]+ and [Ru(CO)(solvent)(carboxylato)]+ (carboxylato = Obenzoylsalicylato or benzoato) species, as determined by ESI-MS. The amount of free
CO generated depends on the wavelength of irradiation, with 300 nm light giving a
higher amount of free CO. Evaluation of the photoinduced reactivity of 8 in DMSO:H2O
(10:90) at 419 nm showed similar reactivity to that found in organic solvent, albeit the
reaction occurs more slowly. The products of the photoreactions of 8 and 3a at 419 nm
are non-toxic toward human T-lymphocyte (Jurkat) and non-small cell lung carcinoma
‡
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(A549) cells. This lack of toxicity versus the starting compounds is likely due to
differences

in

interactions

of

the

[RuII(solvent)(carboxylato)]+

and

[RuII(CO)(solvent)(carboxylato)]+ species with biomolecules (e.g. serum proteins), thus
resulting in reduced bioavailabilty.

1

H NMR studies provide evidence that the

photoreaction products coordinate to biologically relevant donors such as histidine and
5’-GMP in d6-DMSO:D2O (10:90) and exhibit reactivity with these small molecules that is
distinctly different from that exhibited by the starting compounds. Overall, the
photoreactivity of 8 and 3a-3c may represent an approach toward altering the biological
chemistry of these compounds.
1. Introduction

Mononuclear ruthenium compounds are being investigated as alternatives to
platinum compounds for anticancer chemotherapy.1-15 Of particular recent interest are
piano-stool RuII arene compounds such as those shown in Figure 2-1, with 1 and 2 being
at an advanced stage of preclinical development. Compound 1, [Ru(6-parene)Cl2(PTA)] (PTA = 1,3,5-triaza-7-phosphatricyclo-[3.3.1.1]decane)16,17, is a
member of the ruthenium arene PTA (RAPTA) family. Compounds of this type strongly
interact with proteins in the extracellular matrix and at the cell surface, and exhibit
selective anti-metastatic activity in vivo. The latter type of compound, [Ru(6arene)X(YZ)] (2), contains a YZ chelate ligand (e.g. ethylene-1,2-diamine) and a
monodentate labile ligand (e. g. X = Cl). Aquation of the monodentate ligand enables
binding of the compounds to DNA. The incorporation of biologically active molecules into
structures akin to 1 and 2 is an approach toward generating compounds capable of
targeting cancer cells in multiple ways. In this regard, Hartinger and coworkers have
recently reported a family of compounds of the general formula
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Figure 2-1. Mononuclear RuII arene compounds under investigation as anticancer
agents.

[Ru(6-p-cymene)Cl(3-Hfl-X)] (Figure 2-1(bottom), 3a-c) wherein the 3-Hfl-X ligand is a
derivative of 3-hydroxyflavone.18-20 These compounds were found to exhibit significant in
vitro anticancer activity (IC50 values in the low M range), with the derivatives containing
a p-F or p-Cl substituent on the flavonolato phenyl substituent exhibiting the lowest IC50
values. The anticancer activity of these compounds is presumed to involve DNA binding
and solution studies of compounds 3a-c with the DNA model compound 5’-GMP
(guanosine 5’-monophosphate) suggested that the RuII center can interact with the N7
atom of 5’-GMP while retaining flavonolato coordination. Notably, these compounds
were also found to inhibit the enzyme topoisomerase II in a substituent-dependent
manner that correlates with the antiproliferative activity.20 This family of compounds thus
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exhibits a dual approach toward targeting cancer cells, with the flavonolato portion of the
compounds believed to be the key component for enzyme inhibition.
Photoactivation of ruthenium arene compounds for anticancer activity is an
approach of significant current interest.21-23 This approach is attractive because it can
enable activation of complexes (e.g. 4, Scheme 2-1(a)) that are unreactive under dark
conditions. Most commonly, this approach has been used to enable formation of arene
RuII species that can subsequently coordinate to DNA.24-26 Photoactivatable RuII
compounds that exhibit multiple types of biologically-relevant reactivity have also been
reported.25,27 For example, irradiation of the dinuclear RuII arene compound [{(6indane)RuCl}2(-2,3-dpp)](PF6)2 (5, arene = indane or benzene; Scheme 2-1(b)) with
UVA (365 nm) light results in photoinduced loss of the arene ligand and the formation of
compounds described as “reactive ruthenium species”, as well as free arene, which can
serve as a fluorescent marker.27 The “reactive ruthenium species” show stronger
interactions with DNA than 5, with both mono- and bifunctional adducts with DNA being
formed. Overall, compound 5 thus offers the possibility of photoinduced cell death via
multiple types of interactions with DNA, along with the opportunity for fluorescence
imaging of the location and efficiency of the photoinduced reaction. Irradiation of the RuII
arene octreotide conjugate 6 in the presence of five equivalents of the synthetic
oligonucleotide 5’dCATGGCT at 420 nm results in the formation of two types of RuIIoligonucleotide adducts (7a and 7b, 7c; Scheme 2-1(c)) as determined by mass
spectrometry.25 Compound 6 thus has the capability of forming multiple types of DNA
adducts upon photoirradiation, which may have important implications for the biological
activity of the compound.
We recently reported that divalent metal compounds containing a 3-
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Scheme 2-1. Photoinduced reactivity of RuII arene species.

hydroxyflavonolato ligand undergo photoinduced dioxygenase-type carbon-carbon bond
cleavage within the flavonolato ligand resulting in the quantitative release of one
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equivalent of CO when irradiated with UV light (300 nm).28-30 In considering 3a-3c, we
hypothesized that these compounds might be susceptible to photoinduced,
dioxygenase-type ring-opening reactivity involving the flavonolato ligand, a reaction that
would result in the release of CO, a biological signaling agent. Reactions of this type
would also result in the formation of new types of RuII products that could exhibit altered
biological activity. Outlined herein are the results of our initial investigations of the UV
and visible light-induced photoreactions of the RuII flavonolato solvate compound [Ru(6p-cymene)(L)(3-Hfl)]OTf (8, L = solvent), as well as those of 3a-3c. The photochemical
studies were performed in CH3CN for all of the compounds, with additional studies of 8
being performed in DMSO:H2O (10:90). The combined results of detailed product
identification, CO quantification, and isotope labeling studies demonstrate that the RuII
flavonolato compounds undergo photoinduced dioxygenase-type ring opening of the
flavonol with CO release, as well as photoinduced arene release. The RuII products
generated were found to be non-toxic toward human T-lymphocyte (Jurkat) and nonsmall cell lung carcinoma (A549) cells and to exhibit notably different solution chemistry
with 5’-GMP and histidine.
2. Results

2.1 Compound Preparation and Characterization
The RuII triflate compound [Ru(η6-p-cymene)(3-Hfl)]OTf (8) was prepared via
treatment of 3a with AgOTf and was characterized by 1H and 13C NMR, IR, UV-vis, mass
spectrometry (Figure A-1), and elemental analysis. Compounds 3a-3c were prepared
using a synthetic procedure that is slightly modified from that previously reported, but
results in similar isolated yields of ~60%.20 Free 3-hydroxyflavone (3-HflH) dissolved in
methanol exhibits absorption features at 302 and 350 nm, respectively. The lower
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energy feature (Band I) has been assigned to a π-π* HOMO to LUMO transition, while
band II corresponds to a HOMO-1 to LUMO transition.31 The absorption spectrum of 8 in
CH3CN is shown in Figure A-2(a). As is characteristic for metal flavonolato compounds2830

, the two absorption features of the coordinated flavonolato ligand are red-shifted

relative to the free flavonol. The absorption spectra of 3a-3c are similar (Figure A-2(a)).
Excitation into the lowest energy band of each compound produces an emission feature
with a Stokes shift of ~74-87 nm (Figure A-2(b)). The florescence quantum yield and
lifetime associated with the excited state for 3a are Φ = 0.01(1) and 1.1(3) ns,
respectively.
2.2 Photochemistry in CH3CN
Irradiation of 8 in aerobic CH3CN with 300 nm light results in a decrease in the
intensity of the absorption features associated with the flavonolato ligand (Figure 2-2). 1H
NMR analysis of the final product mixture indicated release of the p-cymene ligand. ESI
mass spectral analysis of the products in CH3CN indicated the formation of three new
carboxylato-bound RuII species: [Ru(CH3CN)4(2-depside)]+ (9), [Ru(CH3CN)4(CO)(1depside)]+ (10), and [Ru(CH3CN)4(2-benzoato)]+ (11) (Scheme 2-2; Figures A-3 and A4; depside = O-benzoylsalicylato). The benzoato product likely results from hydrolysis of
the depside ligand due to the presence of water during the ESI-MS experiment. Analysis
of the headspace gas revealed the release of 0.7 eq of CO. These combined results
indicate a photochemical process wherein displacement of the arene and oxidative
cleavage involving the flavonolato ligand both occur, with a portion of the CO generated
being trapped by the RuII center.
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Figure 2-2. Decay of the absorption features of 8 (9.06 X 10-5 M) upon irradiation at 300
nm in aerobic CH3CN. Spectra were collected at 15-minute intervals. The final spectrum
was collected after 300 minutes.

Irradiation of 8 in CH3CN at 419 nm in the presence of O2 also results in the
decay of the absorption features of the compound and results in a similar mixture of
products (Scheme 2-3). The growth of a Ru(CO) moiety is clearly observed by IR during
the reaction (CO = 2010 cm-1; Figure 2-3). Mass spectral analysis of the final product
mixture indicates the presence of [Ru(CH3CN)4(2-depside)]+ (9), along with two Ru(CO)
species, [Ru(CH3CN)4(CO)(1-depside)]+ (10) and [Ru(CH3CN)3(CO)(2-depside)]+ (12)
(Figure A-5). Analysis of the head-space gas from the reaction revealed 0.4 eq of free
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Scheme 2-2. Photoinduced reactivity of 8 upon irradiation at 300 nm in aerobic CH3CN.

CO, which is less than that generated at 300 nm. Use of 18O2 gas in the reaction
produced isotope clusters consistent with the quantitative incorporation of two labeled
oxygen atoms into 9, 10, and 12 (Figure A-6). This labeling study provides evidence for
a dioxygenase-type pathway for the photoinduced CO-release reaction involving the
flavonolato ligand.
Irradiation of a CH3CN solution of the RuII flavonolato chloride compound 3a at
419 nm in aerobic CH3CN produced a similar final product mixture to that obtained for
the triflate compound 8, with compounds 9, 10, and 11 being identified by mass
spectrometry (Figure A-7), along with 0.4 eq of free CO being detected by GC analysis.
The quantum yield for this reaction is  = 0.001(1). The solid state IR spectrum of the
final product mixture contains a single Ru(CO) vibration at 2009 cm-1 (Figure A-8),
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Scheme 2-3. Photoinduced reactivity of 8 upon irradiation at 419 nm in aerobic CH3CN.

consistent with the presence of the Ru(CO) species 10 and 12. Over the course of the
irradiation the chloride ligand also dissociates from the RuII center. Investigation of the
reaction mixture after 12 h of irradiation revealed two terminal Ru(CO) vibrations at 1982
and 1927 cm-1 (Figure 2-4). The lower energy of these terminal CO vibrations relative to
that of 10/12 suggests the presence of chloride-bound Ru(CO) species.32,33 ESI mass
spectral analysis of this intermediate reaction mixture showed molecular ions consistent
with ionization via loss of Cl- and the presence of 9, 10, 12, and one additional significant
m/z envelope at 576.0835 (13, Figure A-9). The new species is best fit as an acetonitrile
cluster ion of the Ru(CO) species 10 (+41 Da), suggesting that a significant amount of
Ru(CO) compounds is present at this point in the reaction.
The reaction mixtures generated upon irradiation of 3b and 3c were also
evaluated after 12 h. Similar to the reactivity found for 3a, corresponding aryl-substituted
analogs of 9, 10, 12, and 13 were detected by ESI-MS (Figure A-10 and A-11) and IR
(Figure A-12 and A-13). The amount of free CO generated in each photoreaction is also
commensurate with the reactivity observed for 3a. The overall reactivity of 3a-c is
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Figure 2-3. Metal carbonyl region of the reaction mixture generated after irradiation of
3a for 13 h at 419 nm in aerobic CH3CN. The energies of the CO vibrations are
consistent with the presence of RuII carbonyl chloride species. The spectrum was
obtained as a KBr pellet.

outlined in Scheme 2-4.
2.3 Photochemistry in Aqueous Solution
The RuII compounds 3a-3c are typically dissolved in DMSO:H2O (10:90) for
anticancer studies, conditions under which aquation of the Ru-Cl bond occurs to give a
RuII aqua species. Of relevance to such species, we have examined the photoinduced
reactivity of the RuII acetonitrile compound 8 under two sets of conditions in DMSO:H2O
(10:90). First, irradiation of 8 dissolved in aerobic DMSO/H2O (10:90) at 300 nm for 45 h
produced a reaction mixture that is primarily starting material (8), along with solvent-
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Scheme 2-4. Photoinduced reactivity of 3a-c upon irradiation at 419 nm in aerobic
CH3CN.

ligated RuII depside (14), benzoato (15 and 16), and salicylato (17) species
(Scheme 2-5; Figure A-14) as determined by ESI-MS in CH3CN. One additional isotope
envelope in the ESI mass spectrum has been assigned as the RuIII salicylato derivative
[RuIII(DMSO)2(CH3CN)2(1-salicylato)2]+ (18). Analysis of the headspace gas of the
reaction indicated the formation of 0.2 eq of free CO. No Ru(CO) species were detected
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Scheme 2-5. Photoinduced reactivity of 8 upon irradiation at 300 nm for 45 h in
DMSO:H2O (10:90) in the presence of O2. ESI-MS analysis was performed in CH3CN to
identify the RuII products.

by IR, which is consistent with photoirradiation at 300 nm promoting the release
of a metal-bound carbonyl ligand.34 Overall, these results indicate that while
photoinduced flavonolato oxidation chemistry is possible for 8 in DMSO:H2O (10:90), the
reaction is significantly slower and the depside product undergoes an enhanced amount
of hydrolysis.
In a second experiment, an NMR tube solution of 8 dissolved in O2-purged d6DMSO/D2O (10:90) was exposed to direct sunlight and evaluated by 1H NMR after 1 and
10 days. As shown in Figure 2-4, after 1 day, a new set of doublets appears at 5.20 and
5.45 ppm. These signals are consistent with the presence of the hydrolysis product
[Ru2(6-p-cymene)2(-OH)3)]+, a known hydrolytic decomposition product of molecules of
this type.19 After 10 days, these doublets are no longer present, and a precipitate was
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Figure 2-4. 1H NMR spectra of 8 (4.3-4.7 x 10-3 M) in d6-DMSO/D2O (10:90) under the
following conditions: a) immediately following solution preparation, with signals assigned;
after b) 1 day and c) 10 days of exposure of the NMR tube to sunlight in the presence of
O2; and d) after 72 h of irradiation (419 nm) of an independently prepared sample. The
singlet at ~5.51 ppm is residual CH2Cl2 in the sample of 8. The asterisks indicate signals
for [Ru2(6-p-cymene)2(-OH)3]+.

observed in the NMR tube. Changes in several signals associated with the p-cymene
and flavonolato resonances are also apparent which suggest photoinduced reactivity.
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Specifically, the spectral changes present are very similar to those observed for
irradiation of a solution of 8 at 419 nm for 72 h in the presence of O2 (Figure 2-5(d)) in
DMSO:H2O (10:90). Thus, compounds such as 8 can exhibit both hydrolytic as well as
photoinduced decomposition in DMSO:H2O (10:90).
2.4 Biological Evaluation
A colorimetric MTT assay was employed to determine the effect of 8 and 3a, and
their photoinduced reaction product mixtures, on the growth of two human cancer cell
lines. After 96 h, compounds 8 and 3a inhibited proliferation of both A549 and Jurkat
cells in a concentration-dependent manner. Results of this cell viability assay showed
that virtually no viable A549 cells were present after 96 h (Figures 2-5 and 2-6), with IC50
values for the compounds determined as 33.6 ± 1.16 µM (8) and 47.0 ± 1.26 µM (3a),
respectively. These values are similar to that previously reported by Hartinger, et al. for
3a (20 ± 2 M) for the A549 cell line. The viability of Jurkat cells treated with 8 and 3a
was similar, with IC50 values of 27.2 ± 1.23 µM (8) and 30.4 ± 1.2 µM (3a), respectively.
Notably, cytotoxic effects were not observed for the photoinduced reaction products of 8
and 3a (generated in CH3CN in the absence of cells) at any of the compound
concentrations examined (Figures 2-5 and 2-6). These combined results suggest that
the changes produced in the primary coordination sphere of the RuII center upon
photoirradiation strongly influence the reactivity of the metal compounds with biological
molecules.9
2.5 1H NMR Studies of 8 and Photoinduced Reaction Products with
Histidine and 5’-GMP
On the basis of the results of the biological studies, we comparatively examined
the histidine and 5’-GMP binding properties of 8 and its photoproducts generated at 419
nm. Compound 8 was chosen because it serves as a model for the aquated form of 3a.
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Figure 2-5. Plots of human leukemia (Jurkat) and non-small cell lung carcinoma (A549)
cell viability versus compound concentration and determination of IC50 values (M) for 8
and its photoinduced reaction products (generated in CH3CN in the absence of cells).
IC50 values were calculated using a 4-parameter nonlinear regression.

Figure 2-6. Plots of human leukemia (Jurkat) and non-small cell lung carcinoma (A549)
cell viability versus compound concentration and determination of IC50 values (M) for 3a
and its photoinduced reaction products (generated in CH3CN in the absence of cells).
IC50 values were calculated using a 4-parameter nonlinear regression.
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Histidine was chosen as a model for interactions of the RuII photoproducts with proteins,
as mononuclear RuII compounds have been shown to bind to proteins via interactions
with histidine residues.35,36 For example, the carbon-monoxide releasing molecule
CORM-3 (fac-Ru(CO)3Cl(2-H2NCH2CO2))35 binds to hen egg white lysozyme (HEWL)
protein via formation of a RuII-His15 interaction to give a fac-Ru(H2O)3(CO)2(His) motif.36
Treatment of a d6-DMSO/D2O (10:90) solution of 8 with one equivalent of histidine
results in the formation of a precipitate, along with spectral changes for the remaining
soluble species suggesting the formation of a mixture of RuII compounds having
histidine, p-cymene and flavonolato ligation (Figure 2-8(b)). The pH of this mixture is
approximately 5.6. Increasing the amount of histidine relative to 8 (~5:1) and heating of
the sample for 24 h at 37 oC (Figure 2-8(c)) results in the complete loss of the
resonances associated with the flavonolato ligand, suggesting that it has been displaced
from the RuII center and precipitated out of solution. Loss of the flavonolato ligand is
consistent with the previously reported reactivity of [(Ru(6-p-cymene)(3-Hfl)(H2O)]+,
which was reported to undergo flavonolato displacement in the presence of histidine.18
The spectral features of the species remaining in solution following treatment of 8 with 5
equivalents of His are consistent with the presence of p-cymene-ligated RuII species that
coordinate a single histidine ligand. Specifically, shifted histidine H2 and H5 resonances
at 8.58 and 7.03 ppm, respectively, integrate to one proton each relative to the sum of
the p-cymene resonances, indicating compounds having a coordinated pcymene:histidine ratio of 1:1.
To study the coordination chemistry of His with the RuII compounds in the
photochemical product mixture, 8 was irradiated in CH3CN to produce a mixture of 9, 10,
and 12 as outlined in Scheme 2-2. After removal of the solvent under reduced pressure,
1

H NMR analysis of the residue dissolved in d6-DMSO:D2O (10:90) at ambient
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Figure 2-7. 1H NMR spectra of the reaction of 8 with histidine in d6-DMSO/D2O (10:90)
at ambient temperature. a) Analytically pure 8; assignments for the aromatic resonances
are as given in Figure 5; aliphatic proton assignments are given; b) 8 + 1 eq. His; c) 8 +
5 eq. + 24 h at 37 oC. Signals associated with D2O and d6-DMSO are marked with s.

temperature provided evidence for exchange of the coordinated CH3CN ligands in 9, 10,
and 12. Specifically, signals associated with coordinated CH3CN molecules (2.30-2.70
ppm; Figure A-15(a-c)) decrease in intensity over time, with an increase in the integrated
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intensity of the signal for free CH3CN. Additionally, subtle changes are observed for the
O-benzoylsalicylato protons (7.20-8.10 ppm; Figure A-16) suggesting changes within the
RuII coordination sphere. Addition of histidine to this photoproduct mixture at ambient
temperature and within 30 minutes of generation of the d6-DMSO:D2O (10:90) solution
gives distinctly different results (Figure 2-8) from those found for 8. In the presence 0.6
eq of histidine, a slightly downfield-shifted histidine H2 resonance appears (Figure 29(b)), suggestive of the interaction of the RuII center with the heterocycle. Increasing the
histidine:RuII ratio to ~3:1 and heating of the sample at 37 oC for 24 h yielded a spectrum
with a slightly downfield-shifted histidine H2 resonance at 7.84 ppm (Figure 2-8(c); free
His H2 7.76 ppm). Increasing the amount of histidine present to an 8:1 ratio results in the
His H2 resonance shifting slightly upfield. Analysis of the O-benzoylsalicylato aromatic
proton region of this 8:1 sample (Figure A-16(e)) indicates differences versus the 9, 10,
12 compound mixture in d6-DMSO:D2O (10:90) again suggesting interaction with the
heterocycle. Overall, our assessment is that the mixture of RuII species undergoes ligand
exchange with solvent and that the species present do interact with histidine, albeit a
definitive number of histidine ligands could not be determined.
The nucleotide binding properties of 8 and its photoinduced reaction products
were also investigated using the DNA model compound 5’-GMP. Kurzenwernhart, et al.
have previously reported that treatment of 8 with 5’-GMP results in an upfield shift of the
H8 signal of 5’-GMP from 8.1 to 7.6 ppm, which was taken as evidence for 5’-GMP
coordination. They additionally noted that the hydrolysis product [Ru2(6-p-cymene)2(OH)3]+ was formed.19 We found that treatment of 8 with one equivalent of 5’-GMP in d6DMSO/D2O (10:90) results in the formation of a precipitate, portions of which are likely
[Ru2(6-p-cymene)2(-OH)3]+ and free flavonol. For the remaining soluble species, there
are shifts in the resonances associated with the flavonolato and p-cymene ligands
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Figure 2-8. 1H NMR spectra of the reaction of the photogenerated mixture of 9, 10 and
12 (generated in CH3CN as shown in Scheme 2) with histidine in d6-DMSO:D2O (10:90)
at ambient temperature. a) RuII product mixture; b) + 0.6 eq. His; c) + 3 eq. His and 24 h
at 37 oC; d) + 8 eq. His and 24 h at 37 oC. Signals associated with D2O and d6-DMSO
are marked with s.

(Figure A-17(b)), which suggest changes within the RuII coordination sphere. However,
our data is inconclusive with regard to identifying an H8 signal for coordinated 5’-GMP,
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as overlapping flavonolato resonances are present making a definitive assignment of the
signal impossible, even in the presence of excess 5’-GMP (Figure A-17(c)).
The results of performing a similar 5’-GMP experiment with the photoproduct mixture of
9, 10, and 1238 are shown in Figure A-18. Some of the observed spectral changes may
be due to solvent exchange in d6-DMSO:D2O (10:90) as described above. No significant
shifts are initially evident in the 5’-GMP signals versus those of the free molecule.
However, after 24 h at 37 oC, a small downfield-shifted signal, integrating to ~0.3 protons
relative to the O-benzoylsalicylato proton region, is present at 8.8 ppm, suggesting the
formation of a RuII-5’-GMP species for a portion of the sample.
Overall, the 1H NMR studies demonstrate that the photoproduct mixture of 9, 10,
and 12 exhibits distinctly different solution chemistry and interactions with heterocyclic
donors than the starting compound 8. Combined with the results of the MTT assays, it is
clear that photoinduced reactivity of the RuII flavonolato species could have a profound
influence on the biological properties of these compounds.
2.6 Discussion
Photoactivation is an approach of current interest for controlling the timing and
location of the release of biologically active species from RuII compounds.21-23 For RuII
arene derivatives, photoactivation has previously been used to break metal-ligand bonds
and open coordination sites for DNA binding, with irradiation in some cases also
resulting in loss of the arene. We have demonstrated herein that the RuII arene
flavonolato compounds will undergo dioxygenase-type oxidative cleavage of carboncarbon bonds within the coordinated flavonolato ligand resulting in CO release, as well
as photoinduced arene release, when irradiated with UV or visible light. While examples
of photoinduced loss of arene ligands in RuII compounds to give RuII(solvent)n species
have been previously reported39-45, RuII flavonolato compounds have not previously been
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shown to exhibit photoinduced reactivity.46,47 The flavonolato oxidative ring-opening
reactivity of 3a occurs with a relatively low reaction quantum yield ( = 0.001(1) (419
nm)). This means that 3a-3c can be handled in air under normal lighting with limited
degradation. That being said, the observed photoinduced reactivity offers the possibility
of photogenerating new species with significantly different coordination chemistry
properties.
The mechanism by which the observed photoinduced oxidative ring-opening
reactivity within the flavonolato ligand occurs for compounds 8 and 3a-c is currently
unknown. This pathway could involve the flavonol acting as a photosensitizer for the
generation of singlet O2, which is subsequently trapped, or could involve a singlet to
triplet conversion followed by reaction with O2. The feasibility of this reactivity within a
biological environment is yet to be investigated. However, the results presented herein
suggest that if photoinduced reactivity does occur, the RuII center could serve as a trap
for a portion of the CO that is liberated, especially when visible light is employed.
The photoproducts generated upon irradiation of 8 and 3a-3c are RuII
carboxylato and RuII carboxylato carbonyl species containing multiple solvent-occupied
coordination positions. These compounds are similar to RuII-(DMSO)n and RuII(DMSO)n(O,O-chelate) species that have generally shown no in vitro cytotoxicity.48 The
lack of toxicity for the photoproducts generated from 8 and 3a-c suggests that
photoinactivation is possible in this family of compounds, albeit the in vivo reactivity of
the compounds may differ significantly from the in vitro results.
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3. Experimental

3.1 Instrumentation
1

H NMR data were measured at ambient temperature using a 300 or 400 MHz

NMR spectrometer. Chemical shifts are referenced to the residual signal of the solvent
(CD2HCN: 1H: 1.94 (quintet) ppm). J values are given in Hz. IR spectra were collected at
ambient temperature as KBr pellets. Absorption spectral data were collected at ambient
temperature using a diode array spectrophotometer. Fluorescence emission spectra
were collected in the range of 250-800 nm. The excitation and emission slit widths were
set at 2 mm for all experiments. The fluorescence quantum yield and lifetime for 3a were
determined as previously described.28 CO was detected and quantified using gas
chromatography. Photochemical reactions were performed using a Rayonet
photoreactor equipped with RPR-3000A lamps or RPR-4190A lamps. Reaction quantum
yields were determined by ferrioxalate actinometry using an integrative analysis
method.49,50 The output measured during the quantum yield determination for 3a was
1.04637 x 1017 photons/s and 4.00194 x 1016 photons/s for 300 nm and 419 nm lamps
respectively.
3.2 Materials
All reagents and solvents were obtained from commercial sources and were
used as received unless otherwise noted. Anaerobic procedures were performed in a
Vacuum Atmospheres glove box in an atmosphere of dry N2. Solvents for glove box use
were dried using standard methods and distilled under N2.51 The flavone derivatives 3hydroxy-2-(4-fluorophenyl)-4H-chromen-f(1H)-one and 3-hydroxy-2-(4-chlorophenyl)-4Hchromen-4(1H)-one were prepared according to literature procedures.20
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3.3 General Procedure for the Preparation of 3a-3c
In a N2-filled glovebox, lithium bis(trimethylsilyl)amide (1 mmol) was dissolved in
ether (5 mL) and added to solid flavone derivative (1 mmol). The reaction mixture was
allowed to stir for 3 h at ambient temperature. The solvent was then removed under
reduced pressure leaving the corresponding lithium flavonolato salt. This salt was
dissolved in acetonitrile (5 mL) and the solution was added to solid [Ru(6-pcymene)Cl2]2 (0.5 mmol) and the resulting mixture was stirred overnight. Removal of the
solvent under vacuum yielded a red solid. This material was dissolved in CH2Cl2 (5 mL)
and the solution was filtered through a celite/glass wool plug. The solvent was then
removed from the filtrate under vacuum. The remaining residue was then washed with
acetonitrile and dried under vacuum. The final product was obtained by recrystallization
from methanol. Compounds 3a-3c were judged to be analytically pure based on
elemental analysis and the congruence of 1H NMR features and melting points with
previously reported values.19
3a: Yield: 71%. Mp: 230 ⁰C (decomp); UV-vis λmax (CH3CN)/nm (ε/M-1cm-1) 324
(13800), 472 (9700); 1H NMR (CD3CN, 300 MHz): δ 8.63 (d, J = 7.2 Hz, 2H), 8.11 (d, J =
8.3 Hz, 1H), 7.76-7.66 (m, 2H), 7.59-7.52 (m, 2H), 7.47-7.40 (m, 2H), 5.68 (dd, 3J(H,H) =
4.8 Hz, 3J(H,H) = 4.8 Hz, 2H), 5.39 (dd, 3J(H,H) = 4.8 Hz, 3J(H,H) = 4.8 Hz, 2H), 2.93
(sept, 1H), 2.32 (s, 3H), 1.39 (m, 6H); FTIR (KBr, cm-1) 1612 (νC=O); ESI-MS m/z (relative
intensity) 473.0704 [(Ru(η6-p-cymene)(3-Hfl)]+, calc, 473.0685. Anal Calcd. for
C25H23O3ClRu. C: 59.11; H, 4.56. Found: C, 58.72; H, 4.54.
3b: Yield: 69%. Mp: 214-216 ⁰C (decomp.); UV-vis λmax (CH3CN)/nm (ε/M-1cm-1)
331 (15200), 478 (11200); 1H NMR (CD3CN, 300 MHz): 8.63 (m, 2H), 8.10 (d, J = 8.3
Hz, 1H), 7.76-7.66 (m, 2H), 7.46-7.40 (m, 1H), 7.32-7.24 (m, 2H), 5.68 (dd, 3J(H,H) = 5.1
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Hz, 3J(H,H) = 5.1 Hz, 2H), 5.40 (dd, 3J(H,H) = 5.1 Hz, 3J(H,H) = 5.1 Hz, 2H), 2.93 (sept,
1H), 2.31 (s, 3H), 1.38 (m, 6H). FTIR (KBr, cm-1) 1528 (νC=O). Anal Calcd. for
C25H22O3Cl2Ru. C, 55.36; H, 4.09. Found: C, 54.59; H, 4.16.
3c: Yield: 60%. Mp: 234-235 ⁰ C (decomp.); UV-vis λmax (CH3CN)/nm (ε/M-1cm-1)
310 (13880), 458 (9800); 1H NMR (CD3CN, 300 MHz): 8.69 (m, 2H), 8.10 (d, J = 8.3 Hz,
1H), 7.76-7.66 (m, 2H), 7.46-7.40 (m, 1H), 7.32-7.24 (m, 2H), 5.68 (dd, 3J(H,H) = 5.1 Hz,
3

J(H,H) = 5.1 Hz, 2H), 5.39 (dd, 3J(H,H) = 5.1 Hz, 3J(H,H) = 5.1 Hz, 2H), 2.93 (sept, 1H),

2.31 (s, 3H), 1.38 (m, 6H); FTIR (KBr, cm-1) 1539 (νC=O). Anal Calcd. for C25H22O3ClFRu.
C, 57.09; H, 4.22. Found: C, 56.81; H, 4.30.
3.3 Preparation of [RuII(6-p-cymene)(3-Hfl)]OTf (8)
In an N2-filled glovebox, AgOTf (25 mg, 9.9 x 10-2 mmol) was dissolved in
acetonitrile (5 mL) and added to solid 3a (50 mg, 9.9 x 10-2 mmol). The reaction mixture
was allowed to stir for 3h at ambient temperature. The solvent was then removed under
vacuum and the remaining residue was dissolved in dichloromethane. Filtration of the
solution through a Celite/glass wool plug was followed by removal of the solvent from the
filtrate under vacuum. The product was recrystallized via hexanes diffusion into
acetonitrile, which resulted in the deposition of a red-orange solid (53 mg, 86%). Mp: 6870 ⁰ C; UV-vis λmax (CH3CN)/nm (ε/M-1cm-1) 310 (13988), 458 (11221); FTIR (KBr, cm-1)
1540 (νC=O); 1H NMR (CD3CN, 300 MHz): 8.66 (d, J = 8.6 Hz, 2H), 8.18 (d, J = 8.6 Hz,
1H), 7.84-7.77 (m, 2H), 7.62-7.49 (m, 4H), 5.90 (d, J = 6.2 Hz, 2H), 5.61 (d, J = 6.2 Hz,
2H), 2.94 (sept, 1H), 2.35 (s, 3H), 1.39 (d, J = 7.2, 6H). ESI-MS m/z (relative intensity)
473.0704 [(Ru(η6-p-cymene)(3-Hfl)]+. Calc, 473.0685; Anal Calcd. for C26H23F3O6RuS:
C, 50.23; H, 3.73. Found: C, 49.61; H, 3.94.
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3.4 Fluorescence Quantum Yield and Lifetime Determinations
The fluorescence quantum yield () for 3a was determined using an acetonitrile
solution and was calculated relative to quinine bisulfate in 0.1 M H2SO4 (aq) ( =
0.546).29 The quantum yield was corrected for the refractive index of the solvent.
Lifetime data was collected using an Easylife II lifetime fluorimeter from Photon
Technology International.
3.5 Photoirradiation of Ruthenium Compounds
Solutions of [Ru(η6-p-cymene)(3-Hfl)]OTf (8) and [Ru(η6-p-cymene)Cl(3-Hfl-X)]
(3-Hfl = 3-hydroxyflavonolato; X = H (3a), Cl (3b), F (3c)) were prepared in acetonitrile in
a N2-filled glovebox and sealed with a septum. The solutions were then purged with O2
and photoirradiated at either 300 nm or 419 nm.
For exposure of ruthenium compound to sunlight, a solution of [Ru(η6-pcymene)(3-Hfl)]OTf (8) was prepared in acetonitrile in a N2-filled glovebox and sealed
with a septum. The solution were then purged with O2 and allowed to sit indoor on a
window sill in direct contact with sunlight.
3.6 Reaction Quantum Yield Determination
In a dark room under minimal red light, 3a (1.5 mg, 2.95 x 10-6 mol) was
dissolved in acetonitrile (25 mL, 1.2 x 10-4 M). A 3 mL sample was then transferred to a
quartz cuvette, purged with O2, inserted into the photoreactor (Rayonet), and was then
exposed to 300 nm irradiation for 60 s. After this time, the reaction progress was
evaluated using UV-vis spectroscopy by measuring the intensity of the band I absorption
(472 nm) of the metal-bound flavonolato ligand. The lamp output was measured using
ferrioxalate as a chemical actinometer.49,50 The quantum yield (QY) for 3a at 419 nm was
determined to be 0.001(1) based on three replicate runs.
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3.7 Quantification of CO
Quantification of CO production was achieved by comparison to GC calibration
curves determined for gas mixtures of CO and O2. The gas mixtures were prepared as
previously reported.29
3.8 Cell Lines and Cell Culture
Jurkat (JM) cells were maintained as previously described.52 A549 human
adenocarcinoma cells (ATCC, Manassas, VA) cells were grown in DMEM/Ham’s F-12
1:1 mixture medium supplemented with 10% charcoal-stripped, heat-inactivated fetal
bovine serum (FBS; Caisson Laboratories, Logan, UT) in a humidified incubator at 37°C
with 5% CO2.
3.9 MTT Assay
Cytotoxicity was determined by the colorimetric MTT [3-(4,5-dimethyl-2-thiazolyl)2,5-diphenyl-2H-tetrazoluim bromide] assay. Twenty-four hours prior to treatment, cells
were harvested from T-75 flasks and seeded into 96-well microwell culture plates at a
volume of 190 μl. Seeding density was 2.1 x 104 cells/ml for A549 cells or 1 x 105
cells/ml for Jurkat cells to ensure exponential growth of untreated cells throughout the
experiment. Neat stock solutions of the test compounds were prepared in DMSO, diluted
to a 100x working stock solution in complete culture medium and then added to
treatment wells (10 μl/well), so that all experimental treatments contained a final
concentration of 0.1% DMSO, including a vehicle control. After addition of test
compounds, cells were incubated for 48 or 96 h. Then, 20 μl of MTT in phosphate
buffered saline (5 mg/ml) was added to each well and incubated for 4 h. The cell culture
media was removed, and 200 μl DMSO was added to each well to dissolve the formazan
crystals.

The absorbance at 560 nm was determined using a microplate reader
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(Modulus microplate, Turner BioSystems), using a reference wavelength of 750 nm to
correct for unspecific absorption. All experiments were independently replicated three
times, and each experimental treatment was performed in triplicate.
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CHAPTER 3

COPPER FACILITATED OXIDATIVE ALIPHATIC CARBON-CARBON BOND
CLEAVAGE OF 1,3-DIKETONES
1. Organic Oxidation Reactions

Oxidation and reduction (redox) reactions involve an overall transfer of electrons
from one species to another. Oxidation refers to a chemical species that loses electrons,
while reduction is the gaining of electrons. Oxidation of organic molecules involves a
process in which a carbon atom gains bonds to more electronegative atoms, most
commonly oxygen, and loss of a less electronegative atom, typically hydrogen. Oxidation
of alcohols and aldehydes to form aldehydes, ketones, and carboxylic acids are common
transformations in organic chemistry. Common oxidizing agents for the formation of
aldehydes, ketones, and carboxylic acids include inorganic compounds such as Cr(VI) or
Mn(VII) reagents, or organic compounds such as peroxycarboxylic acids or
dimethylsulfoxide (DMSO). Epoxides and 1,2-diols can be formed from alkenes with the
aid of oxidizing agents such as m-chloroperbenzoic acid (MCPBA), osmium tetraoxide
(OsO4) or potassium permanganate (KMnO4). Organic oxidation reactions span a wide
variety of reactions. Therefore, for the scope of this review we will focus on oxidation
reactions that involve carbon-carbon bond cleavage.
1.1 Oxidative Cleavage Reactions of Alkenes and Alkynes
The most common reagents that cleave alkenes and alkynes, while adding an
oxygen atom to the carbon of interest, include ozone (O3), chromium trioxide (CrO3), and
KMnO4 (in non-basic conditions).
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1.1.1. Ozonolysis. Ozonlysis is an organic reaction in which the unsaturated
bond of an alkene or alkyne is cleaved with ozone (O3) and replaced by a carbonyl
group. The mechanism was first suggested by Criegee in 19751 and revisited by Berger
in 1998.2 At low temperatures, ozone can be directly added to an alkene via a 1,3-dipolar
cycloaddition to form the intermediate molozonide (Scheme 3-1). The unstable
molozonide immediately rearranges to a more stable ozonide, and different products
may be obtained depending on the work-up of this intermediate. For example, ketones
or aldehydes can be produced in the presence of a reducing agent such as elemental
zinc, depending on the substitution pattern of the double bond. If the ozonide is cleaved
in the presence of an oxidizing agent such as hydrogen peroxide (H2O2), the products
will be ketones and/or carboxylic acids. In the case of alkynes, ozonolysis is followed by
hydrolysis to give carboxylic acids for internal alkynes as well as CO2 in the case of a
terminal alkyne.3

Scheme 3-1. Criegee mechanism for ozonlysis.

1.1.2. Oxidative Cleavage of Alkenes using CrO3 or KMnO4. Chromium
trioxide (CrO3) and potassium permanganate (KMnO4) are strong oxidizing agents that
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cleave C=C double bonds and oxidize each of the carbon atoms to the highest oxidation
state possible contingent on the substitution pattern around the alkene (Scheme 3-2).

Scheme 3-2. Alkene oxidation with CrO3 or KMnO4 under acidic conditions.

Under basic conditions, potassium permanganate can oxidize an alkene to form a 1,2diol. Under neutral or acidic conditions, the 1,2-diol is capable of further oxidation to give
ketones and carboxylic acids. For example, the antibiotic cefazolin contains a cycloolefin
capable of C=C bond cleavage in the presence of the strong permanganate oxidant to
form a diketone product (Scheme 3-3).4

Scheme 3-3. Mechanism for oxidative cleavage of cefazolin by MnO4- to form diketone
product.
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1.1.3. Oxidation of Alkenes with Singlet Oxygen. Dioxygen (O2) is a mild
oxidizing agent, and in the atmosphere exists in a triplet electronic state (3O2). In the
triplet state, O2 can be considered a free radical with each oxygen atom containing one
unpaired electron and two unshared electron pairs. In the singlet electronic state (1O2)
dioxygen contains no unpaired electrons (O=O) and unlike 3O2, can react with singlet
state organic molecules. It has been previously shown that 1O2 generated by irradiation
of 3O2 in the presence of a photosensitizer is capable of a cycloaddition across a C=C
double bond to give an unstable four-membered cylic peroxide intermediate that leads to
fragmentation of the organic molecule (Scheme 3-4).5

Scheme 3-4. Cycloaddition of 1O2 to 3,4-dihydro-2H-pyran and fragmentation.

1.2 Oxidative Cleavage Reactions of Functionalized Alkanes
1.2.1. Cleavage of 1,2-Diols using HIO4 or Pb(OAc)4. Glycols (1,2-diols) can be
formed from the oxidation of alkenes using osmium tetraoxide (OsO4) or KMnO4 in basic
aqueous conditions.6 These 1,2-diols can be further oxidized to cleave the vicinal C-C
bond with periodic acid (HIO4) or lead tetraacetate (Pb(OAc)4). The products obtained
are the same ketones and aldehydes formed by alkene ozonolysis/reduction of alkenes.
The mechanism for cleavage is believed to go through a cyclic intermediate that
collapses to give the cleaved oxidized products with subsequent two electron reduction
of the lead or iodate species. The mechanism for the C-C bond cleavage reaction of cisglycol with periodic acid is given in Scheme 3-5. Historically, periodic acid was used to
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Scheme 3-5. Oxidative cleavage mechanism of cis-glycol with periodic acid.

determine the structure of monosaccharies7 and it is often utilized for the purpose of
saccharide ring modifications. Although diols are the most commonly cleaved
functionalized C-C bonds using periodic acid, the scope of the reactivity of periodates
includes C-C bond cleavage of 1,2-hydroxy ketones, 1,2-diketones, α-keto acids, αhydroxy acids, 1,2-amino alcohols, 1,2-diamines, and epoxides. 8
1.2.2. Oxidative Cleavage of Alkyl Groups. Most reactions of organic
compounds take place at or adjacent to a functional group. For example, the bond
dissociation energy (BDE) of the aliphatic C-C bond in H3C-CH3 is 368 kJ/mol,9 whereas
the BDE of the C-C bond in C=C-CH3 is 121 kJ/mol. Similarly the benzylic position has
enhanced reactivity compared to simple alkanes. Increased reactivity is due to the
resonance stabilization of radical character at either vinylic or benzylic positions.10
Oxidants such as MnVII and CrVI reagents are capable of oxidizing alkyl groups directly
attached to a benzene ring. Oxidation of the benzylic position leads to formation of a
carboxylic acid or an aldehyde, contingent upon the presence of at least one hydrogen
atom bound to the benzylic carbon.6 For example, the Étard reaction is a commonly
used method for the conversion of toluene into benzaldehylde and uses the milder
oxidizing agent chromyl chloride (CrO2Cl2). As shown in Scheme 3-6, toluene first
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Scheme 3-6. Mechanism for the Étard reaction.

undergoes an "ene" reaction with CrO2Cl2 to form the intermediate Étard complex. This
intermediate decomposes via 2,3-sigmatropic rearrangement to a CrIV ester which under
basic conditions is further oxidized to form benzaldehyde.
1.2.3. Autoxidation. Atmospheric dioxygen can react with organic compounds to
form peroxides. This type of reaction can be catalyzed by light and is typically an
unwanted occurrence. Therefore, most organic compounds are packaged in opaque or
dark brown glass bottles. Autoxidation is a free radical chain mechanism that occurs in
three steps: initiation, propagation, and termination. As shown in Scheme 3-7, initiation
refers to the formation of a free radical initiator species (In•) that is capable of hydrogen
atom abstraction from an alkyl group (R) to form a radical alkyl species (R•). This triplet
state radical is able to interact with ground state triplet O2 to form an alkylperoxyl radical
that is capable of propagating hydrogen abstraction from another alkyl organic to
subsequently form an alkyl hydroperoxide and another radical R• molecule. During the
last stage of this oxidation chain either two alkylperoxy radicals self react, or an
alkylperoxy radical reacts with an alkyl radical species to quench radical propagation.6, 11
An example of autoxidation that leads to C-C bond cleavage is the conversion of
2-propylbenzene (cumene) to phenol and acetone. As shown in Scheme 3-8, cumene is
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Scheme 3-7. Autoxidation mechanism.

oxidized to form a tertiary radical, which is capable of further oxidation to give a peroxide
radical. During propagation, the peroxide radical can abstract a hydrogen atom from
another cumene molecule to form a cumene hydroperoxide species.12 The
hydroperoxide species can undergo a Hock rearrangement to form a secondary
carbocation attached to the phenyl ring via an ether linkage (Scheme 3-9). The
carbocation can hydrate, followed by proton rearrangement and subsequent C-O bond
cleavage to form the final products acetone and phenol.13

Scheme 3-8. Oxidation and propagation of cumene radical.

It can be noted that all of the oxidation reactions discussed thus far require the
use of an external oxidant or involve oxidation at an "activated" position which can
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Scheme 3-9. Hock rearrangement and decomposition of cumene hydryperoxide
species.

facilitate the desired transformation.

2. Oxidation Reactions from a Synthetic and Biological Perspective

The selective oxidation of organic compounds is a challenge in synthetic
chemistry. As mentioned above, most oxidation reactions require strong oxidants. These
chemicals represent a class of fire and explosion hazards that are associated with
respiratory tissue damage, acute toxicity, skin corrosion, and environmental toxicity.
Because of the deleterious nature of these oxidants, dioxygen represents an attractive
alternative for the oxidation of organic molecules. Molecular oxygen is an ideal oxidant. It
is highly abundant, atom efficient, and environmentally friendly.14 Reactions with O2,
however, involve high activation energies and most often require the need for a
catalyst.15 An ideal catalyst should be inexpensive, earth-abundant, and selective. In the
following section, we will discuss metal-catalyzed carbon-carbon bond cleavage
reactions using O2 as the oxidant. For the scope of this review we will limit the topic of
discussion to metal/O2 C-C bond cleavage reactivity of β-diketones.
β-diketones , or 1,3-diketones, have been applied in a broad variety of
applications both in science and industry. These compounds are often used as ligands
for the production of polymerization catalysts,16 fuel additives,17 as well as the
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manufacture of pharmaceuticals such as anti-ulcer, gastroprotective, anti-asthmatic, lung
disease, and anti-diabetic agents.18 Due to their ability to complex metals, 1,3-diketones
have been sought for use in environmental protection (i.e. metal chelation in sewage).19
Although the β-diketone motif serves as a fundamental building block with a wide range
of utility, they have been found to be toxic to a variety of living organisms. For example,
acetylacetone and other β-diketone derivatives have been found to be toxic to
mammals,20 aquatic species,21 and microorganisms.22 Repeated exposure of
acetylacetone in rats and rabbits leads to cerebral hemorrhages, neural degeneration
and mortality.20a Oxidative degradation products of β-diketones are not only of
environmental significance, but can provide chemical feedstock and value-added
products such as α-diketones, or 1,2-diketones. 1,2-diketones represent an important
skeleton in biologically active molecules and serve as building blocks easily transformed
into a variety of other chemicals such as anti-tumor compounds.23
2.1. C-C bond Cleavage of β-Diketones: A Synthetic Perspective
In 2011, Zhang and coworkers showed that β-diketones are capable of selective
oxidative C-C bond cleavage to give α-diketones.23b The reaction shown in Scheme 310(a) requires tert-butyl nitrite (TBN) as the oxidizing agent, as well as a Lewis acidic
metal catalyst. The efficiency of this reaction was found to increase as the Lewis acidic
nature of the metal catalyst increases. For example, when 1,3-diphenylpropane-1,3dione is exposed to the metal catalysts CuBr, FeCl2 and FeCl3 in the presence of TBN,
the percent yields of α-diketone are 29%, 64%, and 80%, respectively. Furthermore, the
symmetry of the β-diketone substrate does not affect the selectivity of this reaction.
Asymmetric 1,3-diketones were shown to form their corresponding 1,2-diketones in 7080% yields using FeIII as the catalyst.
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Scheme 3-10. Metal-mediated oxidative C-C bond cleavage reactions of β-diketones.

In this system, an aryl 1,3-diketone is proposed to be converted to a 1,3diphenylpropane-1,2,3-trione (triketone) intermediate capable of interacting with the
metal ion, which can facilitate C-C bond cleavage. During the reaction of 1,3diphenylpropane-1,3-dione with FeCl3 and TBN, nitrous oxide (N2O) and carbon
monoxide (CO) were detected as by-products, and the intermediate 2-(hydroxyimino)1,3-diphenyl-propane-1,3-dione (A in Scheme 3-11), was isolated. In the absence of
either TBN or FeCl3 catalyst, intermediate A was found to show no reactivity. Isotopic
13

C-labelling studies reveal that the central methylene carbon of the β-diketone is lost

77

Scheme 3-11. Proposed reaction mechanism for Fe-promoted C-C bond cleavage of
aryl 1,3-diketones.

during reaction in the form of CO, and formation of a triketone intermediate is proposed
based on mass spectrometry (MS). Electron spin resonance (ESR) studies indicate that
the FeIII signal is significantly enhanced in the presence of externally added 1,3diketone, implying substrate coordination. Based on these experimental results, the
reaction mechanism proposed by Zhang and coworkers is given in Scheme 3-11.
Diketone oxime A is first produced by the radical reaction of the 1,3-diketone with TBN.
It is believed that species B is formed in the presence of TBN and undergoes loss of
N2O to give the triketone intermediate C. The triketone intermediate can participate in a
Lewis acid/base interaction with the FeCl3 catalyst. The metal-bound triketone is capable
of a 1,2-Wagner-Meerwein-type rearrangement of a benzoyl group to form E,24 and
subsequent loss of CO gives the final 1,2-diketone product.
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Another example of an FeCl3 catalyzed C-C bond cleavage reaction of a βdiketone was reported by Beller's group in 2011 (Scheme 3-10(b)).25 In this report, the
cyclic β-diketo ester, ethyl 2-oxocyclopentanecarboxylate, undergoes ring opening in a
dioxygenase type reaction. Based on screening reactions for catalytic activity and ESIMS analysis, it is believed that an FeIII complex containing imidazole and ethyl 2oxocyclopentanecarboxylate as ligands is generated in-situ. Exposure of this complex to
air/O2 leads to incorporation of both oxygen atoms into the cleaved organic product. As
shown in Scheme 3-12, the proposed mechanism involves the formation of a superoxide
species that can rearrange to an oxetane intermediate. Subsequent O-O and C-C bond
cleavage ultimately leads to the formation of an α-keto ester.

Scheme 3-12. Proposed reaction mechanism for the FeIII promoted C-C bond cleavage
of ethyl 2-oxocyclopentanecarboxylate in the presence of O2.

Jiao and coworkers were able to realize the oxidative C-C bond cleavage of 1,3diketones to synthesize 1,2-diketones using dioxygen as the oxidant and CuBr or CuBr2
as the metal catalyst (Scheme 3-10(c)).23a The nature of metal counter anion was shown
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to have an effect on reactivity. When 1,3-diphenylpropane-1,3-dione is treated with CuBr
or CuBr2 in the presence of pyridine and O2, benzil is produced in 51% and 44% yields,
respectively. Use of CuCl, CuI, or CuOAc showed only a trace amount of the desired
product. When one equivalent of bromide anion is added in the form of KBr to a reaction
mixture under the optimized conditions shown in Scheme 3-10(c), little change is
observed in the percent yield of benzil (49%), and a decrease in the percent yield is
observed in the presence of one equivalent of LiBr or TBABr (29% and trace,
respectively). No reaction is observed in the absence of the copper catalyst or pyridine,
and therefore pyridine is believed to play a key role as a ligand.
Similar to Zhang, Jiao and coworkers propose 1,3-diphenylpropane-1,2,3-trione
to be the key intermediate in this reaction. When 1,3-diphenylpropane-1,2,3-trione was
exposed to the optimized conditions shown in Scheme 3-10(c), 87% conversion to benzil
was observed. Under the same conditions in the absence of Cu catalyst, only 4%
conversion was observed. Isotope labeling studies using 18O2 showed no 18O2
incorporation into the benzil product. Based on these results, the proposed mechanism
first involves oxidation of the copper [CuI]Ln to a [CuII]Ln species by O2 with subsequent
formation of a triketone intermediate. The [CuII]Ln acts as a Lewis acid to facilitate a 1,2Wagner-Meerwein-type rearrangement, and C-C bond cleavage follows with loss of CO
and the formation of benzil (Scheme 3-13).
In 2013, Jiao's group reported a Cu/O2 system capable of esterification of 1,3diketones.26 This report successfully combines C-C bond cleavage, O2 activation, and
oxidative C-H bond functionalization to synthesize α-ketoesters. As shown in Scheme 310(d) two organic products are formed in this oxidative C-C bond cleavage reaction, an
α-ketoester (2-oxo-2-phenylacetate) and a benzoate ester. It should be noted that the
ratios of these two products depends on the steric bulk of the alcohol used. Addition of a
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more sterically hindered alcohol such as benzyl alcohol derivatives, afford low yields of
the benzoate ester. Alcohol substrates with less steric hinderence give both products in
similar efficiency. Aryl substitution of the β-diketone was not found to affect

Scheme 3-13. Proposed mechanism for the CuI catalyzed oxidative C-C bond cleavage
reaction of 1,3-diketones.

the efficiency of this reaction. The nature of the catalyst and counter anion were once
again found to play a significant role in C-C bond cleavage selectivity. When copper
salts such as CuCl2, CuCl, CuOTf, CuOAc, CuF2, and CuO2 were used, only trace
amounts of the desired α-ketoester product were reported.
Pyridine was found essential, likely as a ligand for copper, to give the desired
organic products. Electron paramagnetic resonance (EPR) studies revealed that pyridine
can enable the formation of CuII in the presence of O2. When the reaction was monitored

81
by EPR, in the presence of the radical trap 5-,5-dimethyl-1-purroline N-oxide (DMPO),
DMPO-O(H) was detected. Addition of superoxide dismutase (SOD) caused the DMPOO(H) signal to disappear, indicating that an •OH radical may be derived from a

Scheme 3-14. Proposed reaction mechanism for the oxidative Cu-catalyzed
esterification of aryl β-diketones.

superoxide species. Based on these results, a general mechanism for the oxidative CuI
catalyzed esterification of 1,3-diketones is proposed in Scheme 3-14. Intermediate A is
first generated under copper catalytic aerobic oxidative conditions via the
dehydrogenative coupling of the β-diketone and alcohol of interest. A is then oxidized to
form the superoxide intermediate B through a copper-mediated O2 redox pathway. The
superoxide intermediate is further reduced by electron transfer from CuI to form the
corresponding anion C with subsequent loss of a hydroxyl radical. The neutral

82
intermediate D is produced by proton abstraction and finally oxidative fragmentation of D
yields an α-ketoester and a carboxylic acid.
All of the systems described above involve oxidation of a β-diketone at the
central methylene position enabling the formation of a more reactive intermediate
capable of C-C bond cleavage in the presence of a Lewis acid. Although Jiao was able
to imply that copper(I) is likely reducing dioxygen to enable reaction between the organic
substrate and O2, little is known regarding the O2 activation process. With regard to the
choice of copper salts used, no mechanistic details are given concerning the role of the
counter anion on the C-C bond cleavage reactivity of 1,3-diketones.
2.2. C-C bond Cleavage of β-Diketones: A Biological Perspective
2.2.1. Acetylacetone 2,3-dioxygenase (Dke1). Acetylacetone 2,3-dioxygenase
was first isolated in 2002 by Straganz et al. from a strain of Acinetobacter johnsonii
grown in the presence of acetylacetone as its only source of carbon.27 Dke1 is a
dioxygenase enzyme of the cupin superfamily that incorporates both oxygen atoms from
O2 into acetylacetone with subsequent C-C bond cleavage to produce acetate and
methyl glyoxal (Scheme 3-15). The enzyme is comprised of a non-heme FeII center
ligated facially by three histidine residues. The active site is a five- or six-coordinate
metal center in the resting state with an additional carboxylate ligand (Glu98), and one or
two coordinated water molecules. The deprotonated acetylacetonate binds to the metal
center in a bidentate fashion with loss of glutamate and water ligands. Computational
studies suggest that the Glu98 residue can hydrogen bond with the N-H of His104,
thereby increasing the electron density and basicity of the His104 residue to help
stabilize higher oxidation states of the metal center.28 It was found that mutation of the
Glu98 residue results in a 100-fold decrease in activity.29 It follows that O2 is activated
by the FeII center to form an FeIII-superoxo species which electrophilically attacks the
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coordinated enolate to form a bridging peroxo species in the rate-determining step. The
O-O bond is then cleaved leading to a high valent FeIV-oxo species with oxygen atom
incorporation into the substrate to form an epoxide. Oxygen atom insertion from the
FeIV=O species results in C-C bond cleavage of the substrate to give metal bound
acetate and methyl glyoxyl, with subsequent reduction of the iron center.

30

Scheme 3-15. Metal-centered O2 activation reaction mechanism for Dke1.27-30

2.2.2. Functional Model Systems of Dke1. In 1993, Kitajima et al. first
synthesized a TpiPr2Fe(acac) (acac = acetylacetonato, TpiPr2 = hydridotris(3,5ipropylpyrazol-1-yl)borato) complex which was found to exhibit C-C bond cleavage
reactivity of the diketonate ligand.31 Exposure of this complex to air over the course of
one week was found to produce a trinuclear FeIII complex with bridging acetate, oxo, and
hydroxo ligands (Scheme 3-16). Although labeling experiments confirmed the source of
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the acetate groups to originate from the acetylacetone ligands, no further studies (i.e.
18

O-labelling) were conducted to confirm whether the acetate ligand was generated

through an oxidative or hydrolytic process. In 2008, Siewert et al. confirmed that the C-C
bond cleavage of the methyl substituted TpMe2Fe(acac) is in fact a hydrolytic process.32 It
was shown that water is required in order to detect cleavage products (Scheme 3-16).

Scheme 3-16. Hydrolytic cleavage reactivity of TpiPr2Fe(acac) and TpMe2Fe(acac).

In order to increase the reactivity of the acac substrate, Limberg's group
prepared the TpMe2FeII(acac) analogue TpMe2(acacPhmal) in which the terminal methyl
groups of acetylacetonate are replaced with ethyl esters, and the methylene Cα position
is substituted with a phenyl group.32 Significantly, TpMe2(acacPhmal) was found to be
susceptible to oxidative cleavage within the β-diketonate ligand in the presence of dry
O2. The products of this reaction are ethyl benzoylformate and ethylcarbonate, with
ethylcarbonate further decomposing during the reaction to give ethoxide and carbon
dioxide (Scheme 3-17). Through 18O-labeling studies, GC-MS, and IR analysis, it was
revealed that one 18O atom from 18O2 is incorporated into the α-keto ester product, and
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the other 18O atom into CO2. In an attempt to achieve a functional model for Dke1,
Siewert et al. went on to investigate the oxidative C-C bond cleavage reactivity of
LiPhmal in the presence of 5 mol% of TpMe2Fe(Phmal). Workup using 3M HCl followed
by analysis of the reaction mixture showed selective conversion of LiPhmal into ethyl
benzoylformate, CO2, and ethoxide, with a catalytic turnover frequency (TOF) of 55 h-1.

Scheme 3-17. Catalytic O2 cleavage reactivity of TpMe2Fe(Phmal).

Siewert et al. reported Xanthmal2- as a pre-organized ligand for the complexation
of two metal centers in which two adjacent diethyl malonate binding sites are linked by a
xanthene backbone.33 In 2008, it was shown that the dinuclear FeII complex, [Fe2(Xanthmal)2], is capable of aliphatic oxidative C-C bond cleavage within the malonate
portion of the ligand to give an α-keto ester.34 As shown in Scheme 3-18, a
monooxygenated organic product was also detected. Based on the products obtained
the proposed mechanism for O2-reactivity to give the α-keto ester product involves the
initial formation of a ferric-superoxo species. The monooxygenated product is proposed
to form via formation of a μ-peroxo species between the two iron centers that can cleave
to form high valent FeIV oxo units that can in turn oxidize the ligand. It can be noted that
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the Xanthmal ligand supports cooperation of two FeII centers for the activation of O2, and
the [Fe2(Xanthmal)2] compound served as the inspiration for the use of a malonate
diketonate ligand in future systems of relevance to Dke1.32, 35

Scheme 3-18. Aliphatic C-C bond cleavage reactivity of Fe2-(Xanthmal)2 in the presence
of O2.

3. Oxidative C-C Bond Cleavage of Chlorodiketonate Complexes
It has been previously reported by the Berreau group that the mononuclear NiII βdiketonate complex, [(6-Ph2TPA)Ni(PhC(O)C(OH)C(O)Ph)][ClO4] (6-Ph2TPA: N,N-bis((6phenyl-2-pyridyl)methyl)-N-((2-pyridyl)methyl)amine) reacts with O2 to give benzoic acid
and benzil.36 In this study it was shown that the reaction mechanism by which oxidative
cleavage occurs is through a hydroperoxide/trione-type mechanism that is dependent on
the structural and electronic nature of the β-diketonate. The role of the redox-inactive NiII
center is to stabilize the diketonate while the substrate acts as a reductant towards O2.
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Figure 3-1. NiII β-diketonate complexes and their O2 reactivity.

Scheme 3-19. Photoinduced oxidative aliphatic C-C bond cleavage reaction of NiII
chloridiketonate complexes.
Nickel(II)-diketonate complexes containing an unsubstituted central carbon, [(6Ph2TPA)Ni(PhC(O)CHC(O)Ph)][ClO4], or a mildly electron-withdrawing chloride at the
C(2) position, [(6-Ph2TPA)Ni(PhC(O)C(Cl)C(O)Ph)][ClO4], are stable with respect to O2
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under ambient conditions (Figure 3-1).37 In 2011, Allpress et al. showed that the airstable NiII chlorodiketonate complex, [(6-Ph2TPA)Ni(PhC(O)C(Cl)C(O)Ph)][ClO4], along
with its para-substituted analogues, were capable of generating carbon-carbon bond
cleaved products in the presence of O2 when photoirradiated. As shown in Scheme 3-19,
the primary oxidatively cleaved organic product following work-up are the substituted
benzoic acid derivatives. The para-methoxy complex analogue was reported to be the
most reactive, with a decrease in photoinduced O2 reactivity correlating with a decrease
in the electron donating nature of the para-substituent. The proposed mechanism for the
aliphatic C-C bond cleavage reaction of the nickel(II) chlorodiketonate complexes by
Allpress et al. involves the photoinduced reduction of the NiII center to NiI. This reduced
nickel center can then activate O2 to form a metal-bound superoxide that initiates a
reaction sequence ultimately resulting in the observed carboxylic acid products.
The Berreau Lab has recently reported a mononuclear copper(II)
chlorodiketonate complex, [(6-Ph2TPA)Cu(PhC(O)C(Cl)C(O)Ph)][ClO4] that can undergo
oxidative C-C bond cleavage within the diketonate unit upon exposure to O2 at ambient
temperature.38 Product analysis of this reaction revealed the formation of benzoic acid,
benzil, and diphenylpropanetrione (Scheme 3-20). GC analysis showed the formation of
CO2 (0.8 eq) and CO (0.05 eq). Quantitative 18O2 incorporation was found in the
diphenylpropanetrione under dry conditions and strongly suggests a reaction pathway in
which the α-substituted diketonate reacts with dioxygen to produce a trione intermediate.
Significantly, the presence of a catalytic amount of chloride ion considerably reduces the
time required for reaction. Kinetic studies performed under psedo-first order conditions
with respect to O2, revealed an initial lag phase followed by a rapid decay when the π-π*
absorption feature of the diketonate was monitored over time. Significantly, the lag
phase is not observed when a catalytic amount of chloride anion is added to the reaction
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Scheme 3-20. Reactivity of Cu(II) chlorodiketonate complex with O2.

mixture.
From the examples stated above, it can be seen that the nature of the metal and
substrate play a significant role in the metal-facilitated oxidative C-C bond cleavage
reactions involving O2. A deeper mechanistic understanding of these types of
transformations can help provide information towards the development of more efficient
methods in synthetic organic chemistry.
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CHAPTER 4

ANION EFFECTS IN OXIDATIVE ALIPHATIC CARBON-CARBON BOND CLEAVAGE
REACTIONS OF Cu(II) CHLORODIKETONATE COMPLEXES
Abstract

Aliphatic oxidative carbon-carbon bond cleavage reactions involving Cu(II)
catalysts and O2 as the terminal oxidant are of significant current interest. However, little
is currently known regarding how the nature of the Cu(II) catalyst, including the anions
present, influence the reaction with O2. In previous work, we found that exposure of the
Cu(II) chlorodiketonate complex [(6-Ph2TPA)Cu(PhC(O)CClC(O)Ph)]ClO4 (1) to O2
results in oxidative aliphatic carbon-carbon bond cleavage within the diketonate unit
resulting in the formation of benzoic acid, benzoic anhydride, benzil, and 1,3diphenylpropanetrione as organic products. Kinetic studies of this reaction revealed a
slow induction phase followed by a rapid decay of the absorption features of 1. Notably,
the induction phase is not present when the reaction is performed in the presence of a
catalytic amount of chloride anion. In the studies presented herein, a combination of
spectroscopic (UV-vis, EPR) and DFT methods have been used to examine the chloride
and benzoate ion binding properties of 1 under anaerobic conditions. These studies
provide evidence that each anion coordinates in an axial position of the Cu(II) center.
DFT studies reveal that the presence of the anion in the Cu(II) coordination sphere
decreases the barrier for O2 activation and formation of a Cu(II)-peroxo species. Notably,
the chloride anion more effectively lowers the barrier associated with O-O bond
‡
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cleavage. Thus, the nature of the anion plays an important role in determining the rate of
reaction of the diketonate complex with O2. The same type of anion effects were
observed in the O2 reactivity of the simple Cu(II) bpy complex
[(bpy)Cu(PhC(O)C(Cl)C(O)Ph)ClO4] (3).
1. Introduction

Oxidative aliphatic carbon-carbon (C-C) bond cleavage reactions catalyzed by
first-row transition metal salts that involve O2 as the terminal oxidant are of significant
current interest for the preparation of bulk and fine chemicals.1 These reactions have the
potential to offer more economically feasible, environmentally friendly and sustainable
processes than those which employ expensive precious metal catalysts and harsh
oxidants. However, essential to optimizing the use first-row metal catalysts with O2 for
oxidative catalysis is an understanding of the factors that influence O2 activation and OO bond cleavage in such systems. The tremendous advances in recent years in
understanding the interplay of metal ions and O2 in biological oxidative processes offer
considerable insight into possible mechanistic pathways. However, as first row metal
salts and supporting ligands that are employed in synthetic organic oxidative processes
typically lack the sophistication of an enzyme active site, it is important to define
mechanistic pathways in relatively simple molecular systems that can be further modified
to move toward understanding catalytic conditions.
Of particular current interest are copper/O2-catalyzed reactions that result in
aliphatic C-C bond cleavage adjacent to a ketone carbonyl moiety.2 Optimized conditions
reported for these reactions can involve either Cu(I) (e.g. CuX (X = Cl-, Br-, I-) or Cu(II)
salts (e.g. CuCl2 or Cu(OAc)2) with analogs containing different anions frequently giving
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significantly different product yields despite the same starting copper oxidation state.
Jiao recently reported Cu/O2-catalyzed aliphatic C-C bond cleavage reactions involving
1,3-diketone substrates that result in the formation of either -ketoester or 1,2-diketone

Scheme 4-1. Cu/O2-mediated aliphatic C-C bond cleavage reactions involving enolatetype substrates.

products (Scheme 4-1).3 Notably, the highest product yields were obtained using either
CuBr or CuBr2 as the copper source. Screening studies of these reactions using
othercopper salts (CuX, X = Cl-, I-, OAc-) gave only trace amounts of the 1,2-diketone
product. Other previously reported examples of Cu/O2-mediated oxidative aliphatic C-C
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bond cleavage reactions involving -diketone-type enolate substrates were optimized
using other copper/anion combinations including Cu(NO3)2 or Cu(ClO4)2 (Scheme 1).4
Overall, little is currently known regarding how the anions present in Cu/O2 mediated CC bond cleavage processes affect the reaction pathway.
Halide effects have been investigated for a variety of transition metal catalyzed
processes.5 However, only recently have studies begun to emerge regarding halide
effects on copper-mediated redox processes, including those involving O2 activation and
Cu(II)/1,3-diketone redox reactivity.6 These initial investigations have focused primarily
on the use of XAS and EPR to identify stable Cu(I) and Cu(II) species in reaction
pathways. Although the effect of differing anions on the reactivity of a particular copper
oxidation state in the O2 activation process is currently undefined, it could be of
significance toward understanding the differing reactivity exhibited in the aliphatic C-C
bond cleavage reactions described above.
We recently reported that exposure of the Cu(II) chlorodiketonate complex 1
(Scheme 4-2) to O2 results in oxidative C-C bond cleavage within the diketonate unit to
give benzoic acid, benzoic anhydride, benzil, 1,3-diphenylpropanetrione, the Cu(II)
chloride complex 2, and a mixture of CO2:CO (0.80:0.05 eq).7 The Cu(II) center is
needed for O2 activation in this system, as the chlorodiketonate anion is unreactive with
O2. 18O-labeling studies revealed incorporation of at least one 18O-labeled oxygen atom
in 60% of the benzoic acid product. A 16O2/H218O experiment showed incorporation of
labeled oxygen into 30% of the benzoic acid product. Under dry conditions, benzoic
anhydride is formed and quantitative 18O incorporation is found in the 1,3diphenylpropanetrione intermediate. Overall, this combined information points toward a
reaction pathway wherein aliphatic C-C bond cleavage results from the reaction of a 1,3-
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diphenylpropanetrione intermediate with HOCl or H2O2 generated in the reaction
mixture. Notably, an independently performed reaction between [(6Ph2TPA)Cu(CH3CN)](ClO4)2, 1,3-diphenylpropanetrione, and NaOCl gave the same

Scheme 4-2. Reaction of 1 with O2.

product mixture (including gas ratio) as the reaction of 1 with O2 thus suggesting a
trione/hypochlorite pathway for C-C bond cleavage.7
Kinetic studies of the reaction of 1 with O2 showed a slow induction phase
followed by a rapid first-order decay process (Figure 4-1). Notably, the induction phase
was removed in the presence of a catalytic amount of chloride ion. Preliminary
computational studies provided evidence that chloride coordination to the Cu(II) center of
1 removed the induction phase by lowering the barrier for the rate-determining O2
activation step.7
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In the results reported herein, further spectroscopic and computational studies of
this system provide insight into the copper coordination environment of 1 in the presence
chloride ion and demonstrate the influence of the chloride coordination on O2 activation
and O-O bond cleavage. Notably, we have found that the nature of the anion is critical
for achieving maximum rate enhancement. Specifically, studies of 1 in the presence of
added benzoate indicate that coordination of this anion to the Cu(II) center extends the

Figure 4-1. Absorbance (monitoring at 362 nm) versus time plot for the reaction of 1 with
O2 in the absence and presence of added Me4NCl (0.05 eq).

induction phase by altering the barrier associated with the O-O bond cleavage step.
Overall, these studies provide unprecedented new insight into anion effects in Cu(II)/O2
mediated aliphatic C-C bond cleavage.
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2. Results

2.1 Anaerobic Chloride Ion Binding Studies
2.1.1. Absorption Spectra. The interaction of 1 with added chloride ion (from
Bu4NCl) was evaluated in CH3CN under anaerobic conditions using UV-vis
spectrophotometry at 25 oC. As was previously reported, acetonitrile solutions of 1 in the
presence of trace chloride ion exhibit enhanced O2 reactivity. Therefore, a series of
measurements were performed on individually prepared samples containing 1 and
increasing amounts of chloride ion. As shown in Figure 4-2 (a and b), addition of chloride
ion to a CH3CN solution of 1 results in changes in both the chlorodiketonate *
absorption band and the Cu(II) d-d transition region of 1. Both show consistent
absorbance values after the addition of ~10 eq of chloride ion. The * band increases
in intensity whereas the Cu(II) d-d feature shifts to lower energy and increases in
intensity. The changes in the d-d region proceed with a possible isosbestic point at ~630
nm. To evaluate whether the d-d band changes are the result of a two state system
wherein 1 and a possible chloride adduct are the only absorbing species present, RoseDrago plots were constructed using wavelengths in both ranges (Figure B-1).8 For a twostate system, plotting of the change in absorbance at a specific wavelength for two
different concentrations (j and k) versus the change in absorbance at a different
wavelength of concentrations j and k ((A1j-A1k) versus (A2j – A2k)) will yield a plot with two
lines of different slopes passing through the origin.8 As shown in Figure B-1, this is the
case for both the * and d-d transition data for 1 in the presence of chloride ion,
suggesting the presence of the equilibrium shown below in equation (1):

100

Figure 4-2. Absorption spectral changes ((a) * and (b) d-d regions, respectively)
observed upon addition of various amounts of chloride ion to a CH3CN solution of 1
under anaerobic conditions.
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Modeling of the 500-800 nm data using HypSpec20149 was performed for the
equilibrium shown in equation 1. The spectral features obtained (Figure B-2) are in good
agreement with the experimental results and the equilibrium constant determined (log K
= 1.84(3)) is similar to that found for other Cu(II) complexes binding a second anion. 10
2.1.2. EPR spectra. The d-d absorption features of 1 in the presence of excess
chloride ion suggest that a distorted square pyramidal geometry similar to that found in 1
is maintained for 1Cl.11 This is further supported by the EPR features of 1 in the presence

Figure 4-3. EPR features of 1 and 1 + 5 eq Cl- at 20 K. For 1: g// = 2.23; g = 2.03,
A//(63,65Cu) = 420 MHz.
of excess chloride ion (Figure 4-3), which indicate the formation of a new species that
retains the dx2-y2 ground state (g//>g).11
2.2 Computational Studies
2.2.1. Chloride Coordination. DFT calculations were performed to gain further
insight into (a) the structural and electronic features associated with chloride
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coordination to the Cu(II) center of 1, and (b) the reaction pathway for O2 activation and
aliphatic C-C bond cleavage in 1 and 1Cl. The DFT geometry-optimized structures of 1
and 1Cl are shown in Figure 4-4. A detailed comparison of the bond distances involving
the Cu(II) center in the X-ray structure of 1 versus the DFT geometry optimized structure
of this compound is provided in Table B-1. Overall, the geometry optimized structure of 1

Figure 4-4. DFT geometry optimized structures of 1 and 1Cl. Selected bond distances
are given in Table B-1.

is very similar to that identified by X-ray crystallography albeit the axial Cu-NPhPy
distances are more equal (DFT: Cu-NPhPy: 2.437 and 2.501 Å; X-ray crystallography:
2.3394(18) and 3.09 Å; avg. 2.715 Å). Considering the sum (2.39 Å) of the van der
Waals radius of nitrogen (1.6 Å) and the ionic radius of five-coordinate Cu(II) (0.79 Å),
the interactions with the phenyl-appended pyridyl donors in 1 via X-ray crystallography
can be described as consisting of one strong and one weak interaction whereas the DFT
results are consistent with two weak interactions.12
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The geometry optimized structure of 1Cl contains a Cu(II) center that is distorted
square pyramidal ( = 0.3713; Table B-1) with complete displacement of one phenylappended pyridyl donor. The second NPhPy group is positioned trans to the chloride
ligand and while being oriented toward the Cu(II) center, is positioned at a distance
(3.008 Å) beyond that possible for bonding. This geometry is consistent with the UV-vis
and EPR spectroscopic features described above for the species formed upon addition
of excess chloride ion to 1. The Cu-Cl distance (2.448 Å) in 1Cl is consistent with its
position as an axial ligand.14
2.2.2. O2 activation. Several approaches for O2 activation were computationally
investigated for 1 and 1Cl. These included: (1) electronic excitation to a Cu(I)-enolate
radical charge transfer state followed by reaction with O2, or (2) direct attack of O2 on the
central carbon of the enolate ligand. TD-DFT method with CAM-B3LYP functional was
used to optimize the lowest lying LMCT state as well as the ground state for 1 (Figure B3 and Table B-2). The computed adiabatic excitation energy to this enolate-to-Cu charge
transfer state is 40.0 kcal/mol, which argues against the possibility that the Cu(II) ion
oxidizes the diketonate to a radical. All attempts to bind dioxygen exclusively to the
copper center or the chlorodiketonate ligand led to species with unacceptably high
energies. However, the peroxo intermediate with an O-O bridge between Cu(II) and the
chloro-substituted carbon of the diketone (1-P and 1-PCl in Scheme 4-3) is predicted to
be formed in an exothermic process (Figure 4-5). The transition state structure (TS1;
Figure B-4 and Table B-3) for trapping of O2 by 1 exhibits dioxygen coordination to
copper at a coordination site made available by dissociation of one of the oxygen atoms
of the chlorodiketonate ligand. From spin populations for TS1 it follows that at this point
the organic substrate is already one-electron oxidized by O2, with a Cu(II)-bound
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superoxide anion. Since the unpaired electrons on these two entities have antiparallel
spins, they quench forming the peroxo intermediate 1-P (Figure B-5, Table B-4). The
computed barrier connected with TS1 is substantial (25.9 kcal/mol), which indicates a

Scheme 4-3. Comparison of lowest energy O2 activation and O-O/C-Cl bond cleavage
pathways for 1 and 1Cl.

slow process. The geometry of TS1 was slightly perturbed and subsequently optimized
to a species that can be characterized as Cu(II)-superoxide/diketonate radical complex.
With the basis set used for optimization (BS1) this species is only marginally more stable
that TS1, however, when the energy is corrected for basis set, solvent and thermal
effects and spin projection, this species is predicted to be less stable than TS1. Hence it
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was concluded that such species is not a stable minimum. When a chloride is bound to
the Cu(II) center, the process of O2 trapping proceeds in a very similar way (TS1Cl,

Figure 4-5. Reaction coordinate versus calculated enthalpy for steps in the reaction of 1
and 1Cl with O2.
Figure B-5, Table B-4), yet the enthalpy barrier connected with TS1Cl to form 1-PCl
(Figure 4-5) is much smaller, i.e. 16.9 kcal/mol. Variable temperature kinetic studies of
the reaction of 1 with O2 in the presence of 0.05 eq Bu4NCl gave an enthalpic barrier of
10(1) kcal/mol (Figure B-6). The relative congruence of the enthalpy values between
experiment and theory provide a benchmark for the calculations.
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The Cu-Cl distance in TS1Cl and 1-PCl (~2.35 Å) is consistent with the chloride
being shifted into the basal plane of these distorted square pyramidal structures ( =
0.03 and 0.32, respectively).13 In the 1-PCl structure, the only interaction with the
chlorodiketonate unit is via the peroxo bridge, whereas in 1-P a carbonyl moiety remains
coordinated to the Cu(II) center.
2.2.3. O-O and C-Cl Bond Cleavage. Participation of the 1,3diphenylpropanetrione intermediate in the reaction suggests that the progress of the
reaction beyond the peroxo intermediates (1-P and 1-PCl) requires cleaving the O-O
bond and release of the halogen from the central carbon. Cleavage of the O-O bond can
be realized in either a heterolytic or homolytic process. The former requires a good
overlap between the O-O σ* and an electron pair donor orbital whereas the latter would
proceed with a straightforward O-O bond elongation leaving unpaired electrons of
opposite spin on the two oxygen atoms. For the studied systems (1-P and 1-PCl), the
halogen provides an electron pair interacting with O-O σ* during O-O cleavage. This is a
rather intricate process for species 1-P, as before reaching the transition structure TS2
the proximal oxygen atom of the O-O bridge approaches the central carbon and expels
the chloride anion in a SN2-like process. The chloride ion migrates towards the distal
oxygen and elicits heterolytic cleavage of the O-O bond yielding ClO- bound to the
triketone species (1-T, Figure B-7; Table B-6). Thus, in a single reaction step two bonds
are formed (C-O and Cl-O) and two are cleaved (C-Cl and O-O). The computed barrier
for this process amounts to 24.7 kcal/mol, which is comparable to the barrier for O2
trapping. For 1Cl the presence of the chloride ligand in the first coordination sphere
makes a big difference since this ligand can easily provide the electron pair required for
O-O bond heterolysis. In TS2Cl the chloride ligand attacks the proximal oxygen atom
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from the O-O group, which elicits O-O bond cleavage and expulsion of the chloride from
the central carbon. Importantly, the computed barrier for TS2Cl (11.6 kcal/mol) is
markedly lower than that for TS2 (24.7 kcal/mol). Atomic spin populations computed for
TS2 and TS2Cl show no spin on the chloride expelled from the central carbon, which
confirms this is a heterolytic processes.
With respect to the homolytic mechanism, we were able to optimize a relevant
transition state (TS2Cl_homo, Figure B-8; Table B-7) for the 1-PCl system. The barrier for
O-O bond homolysis is 5.4 kcal/mol higher than for the heterolytic process proceeding
with oxidation of the first shell Cl ligand (TS2Cl_homo vs. TS2Cl; Figure 4-5). For 1-P,
instead of optimizing a TS for the homolytic path, a TS for heterolytic O-O bond cleavage
(TS2Ph, Figures B-9; Table B-8) proceeding with oxidation of one of the phenyl rings of
the chelate was obtained (TPh, Figure B-10, Table B-9). A similar pathway was identified
for 1-PCl (TS2Cl_Ph and TCl_Ph, Figures B-11 and B-12, Table B-10 and B-11, respectively).
For 1-P this result indicates that the homolytic process most likely involves a barrier
higher than that associated with TS2Ph. Notably, the reaction channel for 1-P involving
arene oxidation (TS2Ph) has an enthalpy that is 4.9 kcal/mol lower than TS2 (Figure 4-5).
This suggests that the initial lag phase seen in the reaction of 1 with O2 may involve
arene oxidation with release of chloride anion. However, as <5% of the reaction occurs
prior to the onset of the more rapid decay associated with the chloride-promoted
pathway, we have been unable to spectroscopically identify any oxidized ligand. Arene
oxidation is not expected for the 1-PCl system (Scheme 4-4) as oxidation of the phenyl
ring involves a barrier that is 11.5 kcal/mol higher than for the O-O cleavage proceeding
with oxidation of the Cl ligand (TS2Cl_Ph vs TS2Cl; Figure 4-5).
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Scheme 4-4. Comparison of homolytic and heterolytic O-O bond cleavage pathways for
1-PCl.

2.2.4. Aliphatic C-C Bond Cleavage. As this reaction is suggested to happen after
formation of the 1,3-diphenylpropanetrione/ClO- intermediate (1-T or 1-TCl; Figure B-7
and Table B-6) and proceeds with no direct involvement of the Cu(II) ion, it is expected
that there will be similar barriers irrespective of the presence or absence of chloride
anion in the copper coordination sphere. Accordingly, these reaction steps were studied
only for the parent system. The hypochlorous anion bound to the central carbon of the
triketone intermediate can easily exert its oxidative power by incorporating an oxygen
atom into the adjacent C-C bond. Insertion into the non-coordinated end of the triketone
(TS3) proceeds with no barrier and leads to species M (Scheme 4-5; Figure B-13)
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featuring a mixed (ketoacid/acid) anhydride. The T→M step is highly exothermic, i.e. 58.6 kcal/mol. The mixed ketoacid/acid anhydride moiety of intermediate M has one
more C-C bond that might be prone to oxidation. Thus, we tested a mechanism whereby
the chloride anion in the second coordination sphere is replaced by ClO- that might be
released from the T intermediate. In M-ClO (Figure B-13), the ClO- is bound to the
central carbon and in a reaction step via TS4 it inserts an oxygen atom into the C-C
bond of the ketoacid fragment of the anhydride. The calculated barrier connected with
this step is low and amounts to 8.6 kcal/mol, whereas the exothermicity is substantial,
i.e. -61.2 kcal/mol. In the resulting product complex M2 (Figure B-13) a mixed anhydride
of carbonic and benzoic acid is expected to yield CO2, benzoic acid, and benzoyl
chloride. The overall reaction energy profile for the reaction of 1 and 1Cl with O2 is given
in Figure 4-5.
2.3 Evaluation of Supporting Ligand
The DFT geometry-optimized structures of 1 and 1Cl and intermediates in the
reaction pathways reveal that the phenyl-appended pyridyl donors of the 6-Ph2TPA
chelate are only weak ligands at best to the Cu(II) center. To evaluate whether these
donors influence the reaction pathway, we prepared, characterized, and evaluated the
O2 reactivity of [(bpy)Cu(PhC(O)C(Cl)C(O)Ph)]ClO4 (3, Scheme 4-6). As shown in Figure
4-6(left), the cationic portion of this compound is nearly perfectly square pyramidal ( =
0.04).13 When dissolved in CH3CN, 3 exhibits UV-vis and EPR features (Figure 46(center and right)) consistent with retention of the square pyramidal geometry and
similar to those of 1. Exposure of CH3CN solutions of 3 to O2 at room temperature gives
organic products (benzoic acid, benzil) and a gas mixture ratio (CO2:CO (0.70:0.30))
similar to that observed for 1. However, the primary Cu(II) product identified by mass
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Scheme 4-5. Reaction pathway involving triketone and hypochlorite intermediates
leading to aliphatic C-C bond cleavage.

Scheme 4-6. Synthetic route for preparation of 3.

spectrometry is [Cu(bpy)2(ClO4)]+ (Figure B-14), indicating that ligand exchange has
occurred. The kinetic features of the reaction of 3 with O2 are also similar to those
observed for 1, with an induction phase followed by a rapid first-order decay process
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Figure 4-6. (Left) Representation of the X-ray structure of 3. Hydrogen atoms are
omitted for clarity. (Center) Comparison of the absorption spectral features of 1 and 3 in
CH3CN. (Right) EPR spectrum of 3 in CH3CN at 4.5 K. For 3, g// = 2.16, g = 1.97, As =
561 MHz.

(Figure B-15). The pseudo first-order rate constant with respect to O2 for the fast portion
(3.25(3) x 10-3 s-1) is slightly faster than that found for 1 (2.2(4) x 10-3 s-1). The induction
phase can also be eliminated by the addition of a catalytic amount chloride anion.
Specifically, in the presence of 0.05 eq chloride ion the induction phase is removed while
the rate constant for the rapid decay portion remains similar (3.2(1) x 10-3 s-1)
Spectroscopic changes under anaerobic conditions are consistent with coordination of a
single chloride ion to the Cu(II) center of 3 in a two-state system (Figure B-16). The
binding constant (log K = 4.1(7)) for coordination of one chloride ion to 3 is higher than
that observed for 1, which is likely due to the lower coordination number for the Cu(II)
center in 3. Overall, the properties of 3 indicate that a simple bidentate chelate ligand is
sufficient to support the Cu(II)/O2 chemistry and halide effects seen previously in the 6Ph2TPA-ligated system.
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Table 4-1. Summary of X-ray data collection and refinement for 3CH3CN and 4.
4

3CH3CN
empirical formula

C25H18CuN2Cl2O6CH3CN

C37H31CuN4ClO6

formula weight

617.91

726.65

crystal system

monoclinic

monoclinic

space group

P21/n

P21/c

a (Å)

9.0564(3)

11.0622(3)

b (Å)

20.6815(8)

24.4722(6)

x (Å)

14.3598(5)

12.2273(3)

 (deg)

90

90

 (deg)

106.036(2)

100.6170(10)

 (deg)

90

90

2584.93(16)

3253.46(14)

4

4

1.588

1.483

temp (K)

150(1)

150(1)

crystal size (mm3)

0.39 x 0.17 x 0.17

0.43 x 0.31 x 0.11

diffractometer

Nonius Kappa CCD

Nonius Kappa CCD

Abs. coeff. (mm-1)

1.101

0.809

2 max (deg)

60.06

55.8342

Reflections collected

52276

89920

indep. reflections

7570

7757

variable parameters

353

442

0.0342/0/0817

0;0284/0.0670

1.033

1.030

0.414;-0.398

0.337; -0.340

3

V (Å )
Z
density (calcd), Mg m

b

R1 / wR2

2

goodness-of-fit (F )
-3

largest diff. (e Å )

-3

a

Radiation used: Mo K ( = 0.71073 Å). bR1 = ∑ | |Fo| - |Fc| | / ∑ |Fo|;

wR2 = [∑[w(Fo2-Fc2)2]/[∑(Fo2)2]]1/2 where w

2

(Fo2) + (aP)2 + bP].
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Table 4-2. Selected bond distances (Å) and angles for 3CH3CN and 4.
3CH3CN

4

Cu(1)-O(1)

1.9008(11)

1.8982(10)

Cu(1)-O(2)

1.9112(11)

Cu(1)-N(1)

1.9878(14)

2.0464(12)

Cu(1)-N(2)

1.9918(4)

2.0176(12)

Cu(1)-O(3)

2.3716(13)

Cu(1)-N(3)

2.2006(12)

Cu(1)-N(4)

2.1009(12)

N(1)-Cu(1)-O(1)

171.68(5)

O(1)-Cu(1)-O(2)

91.19(5)

O(2)-Cu(1)-N(1)

93.46(5)

O(1)-Cu(1)-N(2)

92.63(5)

N(2)-Cu(1)-O(2)

170.07(5)

N(1)-Cu(1)-N(2)

81.71(6)

O(1)-Cu(1)-O(3)

91.21(5)

O(2)-Cu(1)-O(3)

93.57(5)

N(1)-Cu(1)-O(3)

95.39(5)

N(2)-Cu(1)-O(3)

95.51(3)

97.58(5)

175.20(5)
81.85(5)

O(1)-Cu(1)-N(4)

98.10(5)

N(2)-Cu(1)-N(4)

79.18(5)

N(1)-Cu(1)-N(4)

135.27(5)

O(1)-Cu(1)-N(3)

105.17(5)

N(2)-Cu(1)-N(3)

79.48(5)

N(1)-Cu(1)-N(3)

108.39(5)

N(3)-Cu(1)-N(4)

107.39(5)
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2.4 Does Benzoate Anion Produce a Similar Effect?
The observed rate enhancement for the reaction of 1 and 3 with O2 in the
presence of chloride ion is novel. To examine whether other anions show a similar
effect, we investigated whether benzoate, another anion generated in the reaction of 1
and 3 with O2, produces similar reactivity. We previously crystallized the Cu(II) chloride
complex 2 (Scheme 4-2) from the crude reaction mixture of 1 with O2 and reported this
compound as the only Cu(II) product. Congruence of the EPR features of the product
mixture with an independently generated sample of 2 further supported this proposal.
Subsequent ESI-MS analysis of the product mixture (Figure B-17) indicated that a Cu(II)
benzoate complex [(6-Ph2TPA)Cu(OC(O)Ph)]ClO4 (4) is also a product in the reaction
mixture. To further characterize this compound, 4 was independently synthesized and
characterized. Similar to 2, the Cu(II) center in 4 (Figure 4-7) exhibits a distorted trigonal
bipyramidal geometry (2:  = 0.61; 4:  = 0.67).13 Changes in the d-d band region for the
reaction of 1 with O2 suggest a mixture of 2 and 4 (Figure 4-8) is present in the product
mixture. An EPR spectrum of the product mixture is also consistent with the presence of
4 (Figure B-18).
Notably, addition of 0.05 eq. of Bu4NOC(O)Ph to a CH3CN solution of 1 under
excess O2 does not result in the loss of the induction phase (Figure 4-9 (inset)) and
increasing the amount of benzoate present up to ~0.25 eq produces no significant
change in the kinetics of the reaction of 1 with O2. However, further increasing the
amount of added benzoate to 0.50-1.0 eq produces longer induction periods (Figure 4-9)
prior to a rapid first-order decay process. The rate constants for the rapid decay portion
increase only slightly with added benzoate (from 2.0 x10-3 to 3.0 x 10-3 s-1) versus a more
dramatic increase in the presence of added chloride ion (Figure B-19). Thus, increasing
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Figure 4-7. Representation of the cationic portion of the X-ray structure of 4. Hydrogen
atoms are omitted for clarity.

Figure 4-8. Comparison of the d-d band region of the absorption spectra of 1, 1 + O2,
and independently generated 2 and 4.
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Figure 4-9. Absorption versus time plots for the reaction of 1 with O2 in the presence of
varying amounts of Bu4NOC(O)Ph at 25 oC. Inset: Reactions involving addition of 0 eq
(black), 0.05 eq (blue), 0.25 eq (red), and 0.50 eq (green).

the amount of benzoate ion lengthens the induction phase and produces no significant
rate enhancement for the rapid first-order decay process. Addition of benzoate (from
Bu4NOC(O)Ph) to CH3CN solutions of 1 at 25 oC under anaerobic conditions produces
spectroscopic changes in the chlorodiketonate * band. As is shown in Figure 4-10,
this absorption band loses intensity and blue shifts from 363 to 352 nm. The data
generated using independently prepared samples suggests the presence of multiple
isosbestic points in the region of 300-500 nm. Fitting of the data using the Rose-Drago
method indicated a two-state system (equation (2)) (Figure B-20). Modeling of this data
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Figure 4-10. Spectral changes observed upon addition of Bu4NOC(O)Ph to a CH3CN
solution of 1 at 25 oC under anaerobic conditions.

using HypSpec2014 (Figure B-21) identified two isosbestic points at 347 and 380 nm
and an estimated log K = 2.81(2). We note that benzoate ion coordination could not be
examined at the high concentrations necessary to examine the d-d transition region for 1
due to displacement of 6-Ph2TPA chelate ligand and the formation of an insoluble solid
particulate of Cu(OC(O)Ph)2 (identified by IR).

EPR spectral data for 1b was collected via the addition of 5 eq of Bu4NOC(O)Ph
to a CH3CN solution of 1 (Figure B-22). Similar to 1Cl, the data suggests retention of the
distorted square pyramidal geometry in a benzoate-coordinated structure.
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2.4.1. Computational Studies. The DFT geometry-optimized structure of
1OC(O)Ph is shown in Figure 4-11. Similar to 1Cl, the benzoate adduct exhibits a distorted
square pyramidal geometry ( = 0.1913, Table B-12) with the benzoate ligand in the axial
position, one phenyl-appended pyridyl donor completely displaced from the Cu(II)
center, and the other positioned at a distance too long (~2.7 Å) for a bonding interaction.

Figure 4-11. DFT geometry optimized structure of 1b. Selected bond distances are given
in Table B-12.

The bond distances involving the diketonate ligand for 1b are similar to those of 1Cl.
However, there is a notable difference between these two anion-coordinated structures.
Although each anion coordinates in the axial position of the square pyramid, the
benzoate ligand in 1b forms a significantly shorter bonding interaction (2.139 Å) with the
Cu(II) center than does the chloride in 1Cl (2.448 Å). This suggests that benzoate is a
more strongly coordinating anion to the Cu(II) center, which is supported by calculated
enthalpies of binding (H(benzoate) = -7.1 kcal/mol; H(Cl-) = +3.4 kcal/mol). Similar to
1Cl, the presence of the coordinated anion in 1b lowers the enthalpy associated with the
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Figure 4-12. Reaction coordinate versus calculated enthalpy for steps in the reaction of
1, 1Cl, and 1OC(O)Ph with O2.

activation barrier for O2 binding to give a peroxo intermediate (Figure 4-12). The Cu(II)
coordination environments in the anion-coordinated structures of TS1X and 1-PX (X = -Cl
or -OC(O)Ph) are similar (Figures B-23 and B-24; Tables B-13 and B-14), with the
coordinated chloride or benzoate anion positioned in the equatorial plane trans to the
pyridyl donor. In TS1X for both anions the chlorodiketonate ligand is bound in a
monodentate fashion in an axial position. Formation of the peroxo intermediate in both
cases results in loss of the Cu-O(diketonate) carbonyl interaction. Anion coordination
stabilizes the bridging peroxo intermediate, with the greatest stabilization found for 1-Pb
(Figure 4-12). We note that trapping of a peroxo intermediate is anticipated to be difficult
as for the parent compound as generation of 1-P is predicted to be slower than its decay
to 1-TPh. A similar situation is found for 1-PCl. In both cases the peroxo species is not
predicted to accumulate. Only in the case of benzoate (1-Pb) is this not the case and
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ongoing studies are being performed to probe for the possible identification of the peroxo
species.
Significantly, chloride is far more efficient than benzoate in lowering the barrier
associated with O-O bond cleavage coupled to chloride release (TS2X) in the peroxo
intermediate. As shown in Figure 4-12, the barrier for this second step is 24.7 kcal/mol in
the absence of added anion (1-P), 20.7 kcal/mol in the presence of benzoate (1-Pb), and
only 11.6 kcal/mol starting from 1-PCl. Thus, chloride coordination to 1 significantly
lowers both the TS1 and TS2 barriers giving the lowest energy catalytic pathway overall.
Similar to the 1-P and 1-PCl systems, for 1-Pb a heterolytic pathway where a phenyl
appendage fragment of the chelate ligand is oxidized to arene oxide was also found
(TS2b_Ph and Tb_Ph, Figures B-25 and B-26, Tables B-15 and B-16). However, in analogy
to the 1-PCl system, oxidation of the anionic ligand (here to perbenzoate) is predicted to
be faster than oxidation of the phenyl fragment of the chelate (TS2b_Ph lies 5.9 kcal/mol
above TS2b, Figure 4-12).
The long, slow decay of the * absorption feature of 1 (Figure 4-13) in the
presence of one equivalent of added benzoate reflects the stronger coordination of this
anion (vs. chloride) and suggests that the reaction needs to proceed to an extent that a
sufficient amount of free chloride ion is available (~20% decrease in absorption; Figure
4-13) to compete with benzoate for coordination to the Cu(II) center. In other words, the
maximal rate of reaction for 1, via the lowest energy “chloride” pathway, can only be
achieved when a sufficient amount of chloride is generated to compete with the
benzoate as a ligand. From the experimentally determined log K values, G can be
calculated to be -2.51 and -3.82 kcal/mol for chloride and benzoate binding, respectively.
This 1.31 kcal/mol difference in favor of benzoate is small compared to the computed
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Figure 4-13. Absorbance versus time plots for the reaction of 1 with O2 in the presence
of 0.75 and 1.0 eq Bu4NOC(O)Ph, and a mixture containing 1.0 eq Bu4NOC(O)Ph to
which 0.2 eq Bu4NCl was added after 13395 s.

catalytic effect of chloride ion which is -9.0 kcal/mol (TS1TS1Cl). Hence, even though
benzoate binds stronger to copper, still a small fraction of benzoate will be replaced by
chloride and the resulting complex will react faster with O2. In other words, the reactive
species does not have to prevail in the reaction mixture. It is enough if the reactivity
more than offsets the energy penalty connected with generating this species. If this idea
is correct, addition of chloride ion to a solution containing 1 in the presence of one
equivalent of benzoate ion should “rescue” the system and induce a rapid decay
process. As shown in Figure 4-13, addition of Bu4NCl (0.2 eq) to a O2-purged CH3CN
solution of 1 containing one equivalent of benzoate ion indeed does produce the
expected rapid decay indicating that the chloride-coordinated lower-energy pathway is
accessed.
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To probe whether the effect of benzoate ion identified in the 6-Ph2TPA-ligated
complex 1 is retained in the reactivity of the simpler bpy-ligated complex 3 this complex
was also treated with one equivalent of Bu4NOC(O)Ph and its O2 reactivity was
examined. Comparison of the rate of decay of this mixture versus 3 in the absence of
added benzoate reveals similar behavior to that found for 1 (Figure B-27).

3. Discussion and Conclusions

There is a need to understand the ways in which anions can affect the O2
activation and O-O bond cleavage chemistry involved in Cu(II)/O2-mediated reactions
that result in aliphatic C-C bond cleavage. Screening approaches are generally
performed to optimize product yields in such reactions, with less attention given as to
why various Cu(II) salts give dramatically different results. Development of an
understanding of the influence of anions on Cu(II)/O2 chemistry may provide a more
rational approach to enable more economical and environmentally friendly syntheses of
important precursor compounds (e.g. -ketoesters and 1,2-diketones) for the
pharmaceutical industry.
Significantly, coordination of a chloride or benzoate anion to the copper center of
1 lowers the barrier associated with the formation of a five-coordinate Cu(II)-O2- species
in TS1X. The most notable structural impact associated with anion binding to 1 (forming
1X) involves the weakening of interactions between the Cu(II) center and the phenylappended pyridyl donors. This makes structural changes within the copper coordination
sphere associated with the formation of TS1X and O2 binding less unfavorable. This is
somewhat akin to the halide effect reported for the non-heme iron halogenase HctB. In
the presence of saturating amounts of chloride, the rate of oxidative reactivity of this
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enzyme is increased by >200-fold.15 This rate enhancement was attributed to chloride
coordination to the Fe(II) center, which results in a conformational change in the enzyme
structure that facilitates proper binding of the substrate and formation of the catalytically
competent enzyme-substrate complex for O2 binding.
Notably, the degree to which the TS1X barrier is lowered does not depend on the
nature of the anion, with chloride and benzoate producing similar effects (lowering by ~911 kcal/mol) despite their differences in basicity and enthalpy of coordination to the
Cu(II) center. The nature of the anion instead more significantly impacts the energetics
associated with the O-O bond cleavage reaction, which results in the production of
triketone and oxyanion intermediates from the peroxide intermediate (1-PX  1-TX).
Here, the coordinated anion provides the electron pair needed for heterolytic O-O bond
cleavage. The significantly lower barrier for chloride versus benzoate is a consequence
of the enhanced stabilization of the benzoate-coordinated peroxo species (1-Pb) and the
higher TS2b barrier associated with peroxybenzoate formation. Our experimental results
are consistent with the computations in that the maximal rate of reaction for 1 is only
achieved under conditions wherein chloride coordination is present thus enabling access
to the TS1Cl/TS2Cl pathway.
The effect of carboxylate coordination in this system is notably different from that
observed previously in a synthetic model system for QDO.16 Specifically, carboxylate
ligands of increasing steric bulk have been shown to enhance the reactivity of an Fe(III)containing model system for quercetin dioxygenase. In this case, a trans orientation
between the carboxylate donor and the flavonolato ligand on the Fe(III) center was
proposed to facilitate monodentate coordination of the latter. This results in enhanced
electron density within the flavonolato ligand, which makes it a better reductant, thus
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enhancing the rate of reaction with O2. In the case of the reactivity of 1, the individual
steps involving O2 binding and O-O cleavage are affected differently depending on the
nature of the anion.
Overall, the studies reported herein offer unprecedented new insight into how
anions associated with a copper center can influence O2 reactivity in a Cu(II)/O2mediated aliphatic carbon-carbon bond cleavage reaction. The use of chelated Cu(II)
complexes has enabled spectroscopic studies of well-defined species wherein anion
adducts can be spectroscopically investigated. The similar chemistry of the bpy-ligated
complex 3 to that of 1 in terms of the effect of coordinated anions on O2 reactivity
indicates that Cu(II) complexes supported by simple bidentate ligands may be useful in
future mechanistic studies of aliphatic C-C bond cleavage processes.
4. Experimental

4.1 General methods
All reagents were obtained from commercial sources, and were used without
further purification unless otherwise stated. Bu4NOC(O)Ph (>99%) was purchased from
Sigma Aldrich. Solvents were dried according to published procedures and purified by
distillation under N2 prior to use.17 The chelate ligand 6-Ph2TPA (N,N-bis((6-phenyl-2pyridyl)methyl)-N-((2-pyridyl)methyl)amine)18 and the diketone 2-chloro-1,3diphenylpropane-1,3-dione19 were prepared according to previously published
procedures. All manipulations were carried out in an MBraun Unilab glovebox with a N2
atmosphere unless otherwise noted.
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4.2 Physical methods
UV-vis data was collected on a CARY 50 spectrometer at 25 C. Kinetic
measurements were performed at 25°C in 1 mm path length quartz cells with Teflon
stopcocks. FTIR spectra were collected on a Shimadzu FTIR-8400 as KBr pellets. CO
and CO2 gases were detected and quantified using an Agilent 3000A Micro Gas
Chromatograph with molecular sieve and Plot U columns, and a thermal conductivity
detector. Mass spectral data for the metal complexes were collected by the Mass
Spectrometry Facility, University of California, Riverside. Elemental analyses were
performed by Robertson Microlit Laboratories, Ledgewood, N.J.
4.3 EPR
X-band EPR spectra were recorded with a Bruker EMX EPR spectrometer,
equipped with a Bruker ER-4116 dual mode resonator, on 0.5 mM solutions in 80:20
CH3CN:toluene which were thoroughly degassed by multiple freeze-pump-thaw cycles.
Temperature control was maintained using an Oxford ESR900 flow-through liquid helium
cryostat. Other conditions, unless otherwise noted: νMW = 9.68 GHz (2 mW); 2 G field
modulation (100 kHz); receiver gain = 50000; time constant/conversion time = 82 ms; 24 sweeps per spectrum.
Caution! Perchlorate compounds containing organic ligands are potentially
explosive, and should be handled with extreme care and in small quantities (<50 mg).20
4.4 Synthesis of [(bpy)Cu(PhC(O)CClC(O)Ph)(ClO4)] (3)
Under an inert atmosphere, Cu(ClO4)26H2O (50 mg, 0.14 mmol) was dissolved in
CH3CN (2 mL), added to 2,2'-bipyridine (21.1 mg, 0.14 mmol) and stirred for 30 minutes.
2-chloro-1,3-diphenylpropane-1,3-dione (34.9 mg, 0.14 mmol) was dissolved in Et2O (2
mL), added to solid lithium bis(trimethylsilyl)amide (22.6 mg 0.14 mmol) and the mixture
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was stirred for five minutes, resulting in a pale yellow solution. The solutions were then
combined and stirred for 18 hours to produce a green solution. The solvent was
removed under reduced pressure, and the crude material was dissolved in CH2Cl2 and
filtered through a glass wool/Celite plug. The solvent was then removed under reduced
pressure and crystals suitable for X-ray diffraction were grown by vapor diffusion of Et2O
into a CH3CN solution (22.1 mg, 28% yield). Elemental analysis calculated (%) for
C25H18N2O6Cl2Cu·0.75 CH3CN: C, 52.38; H, 3.36; N, 6.34. Found: C, 52.07; H, 3.14; N,
6.64. ESI/APCI MS: m/z calculated for C25H18N2O2ClCu: 476.0347 [M-ClO4]+; found:
476.0343. UV-vis λmax, nm (ε, M-1cm-1): 248 (17360), 299 (21065), 310 (19992), 357
(10124). FTIR (KBr, cm-1): 1529, 1338, 1115 (νClO4), 619 (νClO4).
4.5 Synthesis of [(6-Ph2TPA)Cu(O2CPh)]ClO4 (4)
Cu(ClO4)26H2O (27.4 mg, 7.74 mmol) was dissolved in CH3CN (5 mL) and
added to 6-Ph2TPA (32.8 mg,7.4 mmol). The resulting blue solution was stirred for 30
min at which time all solids had completely dissolved. The solution was then added to
solid sodium benzoate (10.7 mg, 7.4 mmol) and the resulting mixture was stirred
overnight. Removal of the solvent under reduced pressure yielded a blue-green residue,
which was dissolved in CH2Cl2 and filtered through a glass wool/Celite plug. Following
removal of the solvent under reduced pressure, recrystallization of the residue from
CH2Cl2 via vapor diffusion with Et2O yielded blue/green crystals suitable for X-ray
diffraction (45.1 mg, 84% yield). Elemental analysis calculated (%) for
C37H31N4O6ClCu·0.2H2O: C, 60.20; H, 4.41; N, 7.80. Found: C, 60.21; H, 4.44; N, 7.52.
ESI/APCI MS: m/z calculated for C37H31N4O2Cu: 626.1738 [M-ClO4]+; found: 626.1766.
UV-vis λmax, nm (ε, M-1cm-1): 282 (19770). FTIR (KBr, cm-1): 1602, 1443, 1094 (νClO4),
697 (νClO4).
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4.6 Kinetic Studies
A 1 mM solution of 1 or 3 in CH3CN was made in an inert atmosphere glovebox.
Aliquots of the solutions were transferred to a 1 mm quartz cuvette and purged with O 2
for 30 s. The sealed cuvette was inverted three times to mix. This purge and mixing
process was repeated, and then the respective π-π* absorption bands for 1 and 3 were
monitored by UV-Vis as a function of time.
4.7 Anion Binding Studies
To an CH3CN solution of 1 or 3 (1.0 mM for π-π* absorption band; ~6.5 mM for
d-d transitions) was added varying concentrations of Bu4NX (X = Cl or OC(O)OPh)
dissolved in CH3CN under an inert atmosphere. The total volume of each final solution
was 400 uL. Each solution was then transferred to a 1 mM quartz cuvette equipped with
a stopcock and the absorption features were measured under anaerobic conditions.
4.8 X-ray Crystallography
A clear intense green plate-like crystal of 3 of approximate dimensions 0.168 mm
x 0.168 mm x 0.392 mm, and a clear blue plate-like crystal of 4 of approximate
dimensions 0.112 mm x 0.308 mm x 0.434 mm, were mounted using a viscous oil. Data
were collected using a Nonius Kappa CCD diffractometer (Mo K,  = 0.71073 Å).
4.8.1. [(bpy)Cu(PhC(O)CClC(O)Ph)(ClO4)] (3). A total of 986 frames were
collected and subsequently integrated with the Bruker SAINT software package using a
narrow-frame algorithm. The integration of the data using a monoclinic unit cell yielded a
total of 52276 reflections to a maximum θ angle of 30.03° (0.71 Å resolution), of which
7570 were independent (average redundancy 6.906, completeness = 100.0%, Rint =
3.99%, Rsig = 2.91%) and 6055 (79.99%) were greater than 2σ(F2). The final cell
constants of a = 9.0564(3) Å, b = 20.6815(8) Å, c = 14.3598(5) Å, β = 106.036(2)°,
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volume = 2584.93(16) Å3, are based upon the refinement of the XYZ-centroids of 9892
reflections above 20 σ(I) with 4.793° < 2θ < 59.82°. Data were corrected for absorption
effects using the multi-scan method (SADABS). The ratio of minimum to maximum
apparent transmission was 0.858. The calculated minimum and maximum transmission
coefficients (based on crystal size) are 0.6720 and 0.8370.
The structure of 3 was solved and refined using the Bruker SHELXTL Software
Package, using the space group P21/n with Z = 4 for the formula unit, C27H21Cl2CuN3O6.
The final anisotropic full-matrix least-squares refinement on F2 with 353 variables
converged at R1 = 3.42%, for the observed data and wR2 = 8.70% for all data. The
goodness-of-fit was 1.033. The largest peak in the final difference electron density
synthesis was 0.414 e-/Å3 and the largest hole was -0.398 e-/Å3 with an RMS deviation of
0.066 e-/Å3. On the basis of the final model, the calculated density was 1.588 g/cm3 and
F(000), 1260 e-.
4.8.2. [(6-Ph2TPA)Cu(O2CPh)]ClO4 (4). A total of 1108 frames were collected
and integrated with the Bruker SAINT software package using a narrow-frame algorithm.
The integration of the data using a monoclinic unit cell yielded a total of 89920
reflections to a maximum θ angle of 27.88° (0.76 Å resolution), of which 7757 were
independent (average redundancy 11.592, completeness = 100.0%, Rint = 3.17%, Rsig =
1.81%) and 6768 (87.25%) were greater than 2σ(F2). The final cell constants of a =
11.0622(3) Å, b = 24.4722(6) Å, c = 12.2273(3) Å, β = 100.6170(10)°, and volume =
3253.46(14) Å3, are based upon the refinement of the XYZ-centroids of 9880 reflections
above 20 σ(I) with 4.750° < 2θ < 55.83°. Data were corrected for absorption effects
using the multi-scan method (SADABS). The ratio of minimum to maximum apparent
transmission was 0.889. The calculated minimum and maximum transmission
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coefficients (based on crystal size) are 0.7200 and 0.9150.
The structure of 4 was solved and refined using the Bruker SHELXTL Software
Package, using the space group P21/c with Z = 4 for the formula unit, C37H31ClCuN4O6.
The final anisotropic full-matrix least-squares refinement on F2 with 442 variables
converged at R1 = 2.84%, for the observed data and wR2 = 7.08% for all data. The
goodness-of-fit was 1.030. The largest peak in the final difference electron density
synthesis was 0.337 e-/Å3 and the largest hole was -0.340 e-/Å3 with an RMS deviation of
0.051 e-/Å3. On the basis of the final model, the calculated density was 1.483 g/cm3 and
F(000), 1500 e-.
4.9 Computational Details
The computational model consists of the full cationic part of the salt, i.e. the
Cu(II) ion complexed with 6-Ph2TPA and the chlorodiketonate anion. To investigate the
catalytic role of chloride anion, a model with chloride bound in the first coordination
sphere was also used to study the initial steps of the reaction. The chloride was placed
at the coordination site liberated by dissociation of either the pyridyl arm or a phenylappended pyridyl arm (NPhPy) of the 6-Ph2TPA ligand. Both variants of the charge neutral
complex have very similar stabilities (within 0.3 kcal/mol). Due to the weak interaction
between the copper center and the NPhPy donors of the 6-Ph2TPA ligand, which allows
easy isomerization of the complex, both variants converge to the same mechanism for
chlorodiketonate anion oxidation. The model with benzoate bound to copper ion was
constructed by replacement of chloride in 1-SCl with benzoate.
Geometry of stationary points and their harmonic frequencies were obtained with
the B3LYP-D2 exchange-correlation functional, which includes empirical correction for
dispersion21, employing a double-dzeta basis set: lanl2dz for copper and 6-31G for other
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elements (BS1). Final electronic energy was computed with the B3LYP-D322 or TPSShD323 functionals using a larger basis set of triple-dzeta quality that combined lacv3p+
basis for copper with cc-pVTZ(-f) basis set for other elements (BS2). Both functionals
gave very similar energy profiles along the reaction coordinate, and hence in the
discussion we focus on the B3LYP-D3 results. For stationary points correction to energy
due to solvent (acetonitrile) was computed at the B3LYP/BS1 level with the polarizable
continuum model using the integral equation formalism (IEFPCM) implemented in
Gaussian 09. The reported enthalpies were computed by combining electronic energy
computed with BS2 with the solvent correction and corrections to enthalpy (298.15 K, 1
atm) computed at the B3LYP/BS1 level using harmonic approximation. This approach
treats the reactants, i.e. the complex and O2 molecules, as ideal gas particles, and
hence the entropy effects connected with association of molecules in real solvent cannot
be expected to be realistically reproduced. For this reason, we report enthalpy instead of
Gibbs free energy. For species with antiferromagnetic coupling between unpaired
electrons the electronic energy was corrected with the procedure proposed by
Yamaguchi and co-workers.24 The reactive surface corresponds to the lowest energy
doublet spin state. For excited state calculations TD-DFT methods was used with CAMB3LYP functional. To compute adiabatic excitation energy to the lowest LMCT state of
species 1, both ground state and the LMCT state (root #2) were optimized in vacuum
employing BS1. Final excitation energy was computed with the use of BS2 and the
IEFPCM solvent model. All computations were done with spin unrestricted formalism
with Jaguar25 and Gaussian 0926 suites of programs.
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CHAPTER 5

OXIDATIVE CLEAVAGE REACTIVITY OF SUBSTITUTED Cu(II)
CHLORODIKETONATE COMPLEXES
Abstract

Investigation of electronic effects in reactions involving O2 activation by metal
complexes can provide additional mechanistic insight into reaction pathways. In the
research reported herein a series of chlorodiketones having various para substituent (pOCH3, -CH3, -Cl) were prepared and used to construct CuII chlorodiketonate complexes
that are analogs to [(6-Ph2TPA)Cu(PhC(O)CClC(O)Ph)]ClO4 (4). X-ray crystallographic
characterization of the para-substituted derivatives [(6-Ph2TPA)Cu(RPhC(O)CClC(O)Ph-R')]ClO4 (R=R'=OMe (8); R=R'=Me (9); R=OMe, R'=H (10); R=Me,
R'=H (11); R=R'=Cl (12)) shows that the incorporation of electron-donating substituents
produces a more square pyramidal geometry for the CuII center than is found in 4. The
electrochemistry of these complexes shows minimal change in the CuII/CuI redox
potential. O2 reactivity studies of the substituted analogs revealed that similar oxidative
cleavage products are obtained to those found in the reaction of 4 (carboxylic acids and
1,2-diketones). However, the kinetic properties of the reactions for derivatives containing
an electron-donating substituent on the diketonate ligand differ from those of the
unsubstituted parent 4 or an analog containing para electron-withdrawing chlorine
substituents on the diketonate ligand. Specifically, while the latter compounds exhibit a
lag phase associated with a high barrier for O2 activation that is overcome via build-up of
chloride anion in the reaction mixture, the compounds having electron-donating
substituents exhibit clean first-order decay with a minimal effect of chloride anion on the
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rate of reaction. The difference in kinetic properties suggests a change in the ratedetermining step as a function of the electron density present within the diketonate
ligand.
1. Introduction

Ongoing needs in organic synthesis and the processing of biomaterials
necessitate the further development of aliphatic carbon-carbon cleavage reactions using
mild oxidants and earth abundant metals as catalysts. As demonstrated in examples
from biology, enolate substrates require a variety of conditions to undergo oxidative
cleavage reactivity with O2. In some cases, enolate anions react directly with O2. For
example, acireductone and flavonolato substrates are O2-reactive anions that undergo
carbon-carbon bond cleavage resulting in the formation of carboxylic acids.
Regioselective cleavage of the acireductone substrate is determined on the basis of
interactions with a specific metal ion in an enzyme active site (Scheme 5-1).1 Our
laboratory has previously reported model systems for acireductone dioxygenases
wherein a bulky phenyl-containing acireductone has been used to model possible
reaction pathways leading to regioselective carbon-carbon bond cleavage (Scheme 5-2
(a) and (b)).2 Notably, in this system it is the hydration of a triketone intermediate in the
presence of Fe(II) that is key toward producing C(1)-C(2) cleavage and the -keto acid
product.
We have recently shown that divalent metal chlorodiketone complexes can
undergo oxidative carbon-carbon bond cleavage in the presence of O2 and metal ions
under mild conditions.3, 4 In one example, coordination of a chlorodiketonate anion to
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Scheme 5-1. Metal-dependent regioselective aliphatic carbon-carbon bond cleavage
reactivity in acireductone dioxygenases.

Scheme 5-2. Oxidative aliphatic carbon-carbon bond cleavage reactions involving a diketonate ligand and the influence of metal ion on the regioselectivity of C-C bond
cleavage.
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NiII (Scheme 5-3(a)), followed by illumination of the complex with UV light, results in
aliphatic C-C bond cleavage within the diketonate unit to form a carboxylic acid. Both O2
and NiII are required for the oxidative cleavage reactivity. This reaction is proposed to
proceed via the formation of a Ni(I)-diketonate radical species that reduces O2 leading to
C-C bond cleavage. Notably, a CuII chorodiketonate complex (Scheme 5-3(b)) exhibits
O2-dependent aliphatic C-C bond cleavage in the absence of light at room

Scheme 5-3. (a) photoinduced O2-dependent C-C cleavage reactivity resulting from
internal electron transfer; (b) aliphatic carbon-carbon bond cleavage reactivity at room
temperature that is accelerated by chloride coordination to the metal center.

temperature.4a In this case, the reaction pathway involves chloride anion coordination to
the CuII center which significantly lowers the barriers for both O2 activation and O-O
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bond cleavage.4b Overall, these results demonstrate that studies of the O2 reactivity of
aryl diketonate complexes of earth abundant metals enable the identification of novel
reaction pathways leading to aliphatic carbon-carbon bond cleavage.
An approach toward gaining additional mechanistic insight into reactions
involving O2/substrate redox activity is to probe the effect of the substrate electronic
structure on the kinetics and mechanism of the reaction. For example, several studies of
the O2 reactivity of a series of substituted flavonolato derivatives have been reported.5 In
these studies enhanced electron density within the flavonolato moiety resulted in
enhanced rates of reactivity with O2. Sun, et al have also examined how modifying the
electron-donating properties of a supporting chelate ligand affects the O2 reactivity of
divalent metal flavonolato compounds. In this case enhanced electron density at the
metal center (NiII or CoII) results in a red-shifted max value for the flavonolato *
transition along with a decrease in oxidation potential for the one-electron oxidation of
the flavonolato moiety and enhanced O2 reactivity.6
In the results reported herein, we have examined how modulating the electron
density within the CuII-coordinated chlorodiketonate unit affects the oxidative C-C bond
cleavage reactivity relative to that exhibited by 4. Notably, we have found that while
similar reaction products are obtained, kinetic studies suggest that the rate-determining
step is different in diketonate ligands containing electron-donating groups.
2. Experimental

2.1 General Methods
All reagents were obtained from commercial sources and used without additional
purification unless stated otherwise. Solvents were dried according to published
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procedures and purified by distillation under N2 prior to use.7 Air-sensitive reactions were
performed in an MBraun Unilab glovebox under N2. The 6-Ph2TPA {N,N-bis[(6-phenyl-2pyridyl)methyl]-N-(2-pyridylmethylamine}8 ligand, 1,3-diaryl diketones9, and 2-chloro-1,3diphenylpropane-1,3-diones3 were synthesized according to previously published
procedures. Kinetic and anion binding studies were performed as previously reported.4b
2.2 Physical Methods
1

H NMR spectra of organic compounds were collected using a JEOL ECX-300

NMR spectrometer. Chemical shifts are referenced to the residual solvent peak in
CD2HCN ( = 1.94 ppm, quintet). UV-vis data was collected on a CARY 50 spectrometer
at 25 C. X-band EPR spectra were recorded with a Bruker EMX EPR spectrometer on
degassed 200 μM CH3CN solutions. Low temperature (20 K) spectra were obtained
using an OxfordITC503 liquid helium cryostat. Other conditions, unless otherwise noted:
νMW = 9.38 GHz (50 μW); 2 G field modulation (100 kHz); receiver gain = 20000; time
constant/conversion time = 20 ms; 20 sweeps per spectrum. Kinetic measurements were
performed at 25°C in 1 mm path length quartz cells with Teflon stopcocks. FTIR spectra
were collected on a Shimadzu FTIR-8400 as KBr pellets. CO and CO2 gases were
detected and quantified using an Agilent 3000A Micro Gas Chromatograph with
molecular sieve and Plot U columns, and a thermal conductivity detector. GC-MS data
was obtained with a Shimadzu GCMS-QP5000 gas chromatograph/mass spectrometer
with a GC-17A gas chromatograph, by using an Alltech EC-5 30 mm x 0.25 mm x 0.25
mm thin film capillary column and temperature program: TInitial: 30 C (3 min);
temperature gradient: 23.8 C/min; TFinal: 250 C (10 min). Cyclic voltammograms were
obtained using a GAMRY Instruments Interface 5000E Potentiostat/Galvanostat/ZRA at
room temperature under an argon atmosphere. A standard three-component system
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was used: a carbon-glass working electrode, a platinum wire auxiliary electrode, and a
Ag/AgCl reference electrode for organic media. Ferrocene was used as an internal
standard. All of the complexes were measured at 2000 mV s-1 at 1mM concentrations
using a CH3CN solution containing 0.1 M of TBAPF6 as the electrolyte. ESI mass
spectral data for the metal complexes were collected by the Mass Spectrometry Facility,
University of California, Riverside. Elemental analyses were performed by Robertson
Microlit Laboratories, Ledgewood, N.J.
2.3 Synthesis and characterization of 2-chloro-1,3-diphenylpropane-1,3dione derivatives
Compounds 5-7 were made following previously reported literature procedures.3
2.3.1 2-chloro-1-(4-methoxyphenyl)-3-phenylpropane-1,3-dione (5): Yield:
95%. 1H NMR (300 MHz, CDCl3, 25 C):  = 8.01 (d, J = 11 Hz, 4H; Ar-H), 7.60 (t, J =
7.6, 1H; Ar-H), 7.47 (t, J = 7.6, 2H; Ar-H), 6.94 ppm (d, J = 8.9 Hz, 2H; Ar-H), 6.35 ppm
(s, 1H; CH), 3.87 ppm (s, 3H; CH3); ESI/APCI MS: m/z calculated for C16H13O3 Cl:
311.0445 [M-Na]+; found: 311.0435.
2.3.2 2-chloro-1-phenyl-3-p-tolylpropane-1,3-dione (6): Yield: 37%. 1H NMR
(300 MHz, CDCl3, 25 C):  = 8.00 (d, J = 7.2 Hz, 2H; Ar-H), 7.91 (d, J = 8.25 Hz, 2H; ArH), 7.61 (t, J = 7.4, 1H; Ar-H), 7.47 ppm (t, J = 7.7, 2H; Ar-H), 7.27 (d, J = 8.5 Hz, 2H; ArH), 6.39 (s, 1H; CH), 2.42 (s, 3H; CH3); ESI/APCI MS: m/z calculated for C16H13O2Cl:
273.0677 [M-H]+; found: 273.0672.
2.3.3 2-chloro-1,3-bis(4-chlorophenyl)propane-1,3-dione (7): Yield: 65%. 1H
NMR (300 MHz, CDCl3, 25 C):  = 7.95 (d, J = 8.9 Hz, 4H; Ar-H), 7.46 (d, J = 8.9 Hz,
4H; Ar-H), 6.27 (s, 1H; CH); ESI/APCI MS: m/z calculated for C15H9O2Cl3: 325.9663 [MH]+; found: 325.9664.
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2.4 Synthesis and characterization of [(6-Ph2TPA)Cu(chlorodiketonate)]ClO4
derivatives
Compounds 8-12 were prepared using the previously reported synthetic route for
[(6-Ph2TPA)Cu(PhC(O)C(Cl)C(O)Ph]ClO4 (4).4a
Caution! Perchlorate compounds containing organic ligands are potentially
explosive, and should be handled with extreme care and in small quantities (<50 mg).10
2.4.1 [(6-Ph2TPA)Cu((CH3O)PhC(O)C(Cl)C(O)Ph(OCH3)]ClO4 (8). Yield: 63%.
Anal. Calcd. for C47H40N4O8Cl2Cu·1.5 CH2Cl2: C, 55.44; H, 4.12; N, 5.33. Found: C,
55.40; H, 3.76; N, 5.00. A crystal of 8 suitable for single crystal X-ray crystallography
was grown via diethyl ether diffusion into an acetonitrile solution of the compound.
2.4.2 [(6-Ph2TPA)Cu((CH3)PhC(O)C(Cl)C(O)Ph(CH3)]ClO4 (9). Yield: 68%.
Anal. Calcd for C47H40N4O6Cl2Cu·1.6CH2Cl2: C, 56.83; H, 4.24; N, 5.45. Found: C, 56.85;
H, 3.84; N, 5.45. A crystal of 9 suitable for single crystal X-ray crystallography was
grown via diethyl ether diffusion into an acetonitrile solution of the compound.
2.4.3 [(6-Ph2TPA)Cu((CH3O)PhC(O)C(Cl)C(O)Ph]ClO4 (10). Yield: 61%. Anal.
Calcd for C46H38N4O7Cl2Cu·0.2 CH2Cl2: C, 60.96; H, 4.25; N, 6.16. Found: C, 60.89; H,
4.17; N, 6.14.
2.4.4 [(6-Ph2TPA)Cu((CH3)PhC(O)C(Cl)C(O)Ph]ClO4 (11). Yield: 66%. Anal.
Calcd for C46H38N4O6Cl2Cu0.5 CH2Cl2: C, 60.72; H, 4.27; N, 6.09. Found: C, 60.72; H,
4.32; N, 6.11. A crystal of 11 suitable for single crystal X-ray crystallography was grown
via diethyl ether diffusion into an acetonitrile solution of the compound.
2.4.5 [(6-Ph2TPA)Cu((Cl)PhC(O)C(Cl)C(O)Ph(Cl)]ClO4 (12). Yield: 60%. Anal.
Calcd for C45H34N4O6Cl4Cu1.5 CH2Cl2: C, 52.71; H, 3.52; N, 5.29. Found: C, 52.84; H,
3.32; N, 5.32.
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2.5 Reactivity studies with O2 and analysis of organic products
Solutions of 8-12 (2 mM) in dry CH3CN were purged with O2 and then allowed to
stir for 20 h. To separate the organic components of the product mixture from the
copper-containing species, the crude product mixture was acidified with 0.5 M HCl,
passed through a silica column, and eluted with EtOAc. After removal of solvent the total
yield of organic products was >77% in each reaction, which was determined as a
percentage by mass of the diketonate in the starting material. The organic species were
analyzed by GC-MS and identified by comparing to retention times and fragmentation
patterns of authentic samples. The species identified were the benzoic acid and benzil
derivatives.
ESI-MS analysis was performed on acetonitrile solutions of each Cu(II)containing product mixture. The spectra for the O2 reaction products of 8, 9, and 12 do
not show molecular ions associated with chloride- or carboxylate-bound species as was
observed for 4.4 These spectra show isotope clusters for [(6-Ph2TPA)Cu(ClO4)]+, [(6Ph2TPA)Cu]+, and [(6-Ph2TPA)+H+]+ ions. The product mixtures for 10 and 11 show
isotope clusters for [(6-Ph2TPA)Cu(carboxylate)]+ and [(6-Ph2TPA)Cu]+ ions.
2.6 X-ray Crystallography
A light green plate-like crystal of 8 of approximate dimensions 0.112 mm x 0.294
mm x 0.336 mm, a dark green plate-like crystal of 9 of approximate dimensions 0.154
mm x 0.420 mm x 0.504 mm, and a dark green prism-type crystal of 11 of approximate
dimensions 0.252 mm x 0.392 mm x 0.406 mm, were mounted using a viscous oil. Data
were collected using a Nonius Kappa CCD diffractometer (Mo K,  = 0.71073 Å).
2.6.1 [(6-Ph2TPA)Cu((CH3O)PhC(O)C(Cl)C(O)Ph(OCH3)]ClO40.5Et2O
0.5CH3CN (8). A total of 1510 frames were collected. The total exposure time was 12.58
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hours. The frames were integrated with the Bruker SAINT software package using a
narrow-frame algorithm. The integration of the data using a triclinic unit cell yielded a
total of 150498 reflections to a maximum θ angle of 27.88° (0.76 Å resolution), of which
21526 were independent (average redundancy 6.991, completeness = 99.9%, Rint =
5.16%, Rsig = 4.01%) and 17102 (79.45%) were greater than 2σ(F2). The final cell
constants of a = 11.9638(7) Å, b = 13.6833(9) Å, c = 27.9410(18) Å, α = 82.511(4)°, β =
85.729(4)°, γ = 87.539(4)°, volume = 4519.9(5) Å3, are based upon the refinement of the
XYZ-centroids of 9634 reflections above 20 σ(I) with 4.9° < 2θ < 55.76°. Data were
corrected for absorption effects using the multi-scan method (SADABS). The ratio of
minimum to maximum apparent transmission was 0.876. The calculated minimum and
maximum transmission coefficients (based on crystal size) are 0.8080 and 0.9300.
The structure was solved and refined using the Bruker SHELXTL Software
Package, using the space group P -1, with Z = 2 for the formula unit,
C97H86.5Cl4Cu2N8.5O16.5. The final anisotropic full-matrix least-squares refinement on F2
with 1175 variables converged at R1 = 6.10%, for the observed data and wR2 = 15.35%
for all data. The goodness-of-fit was 1.115. The largest peak in the final difference
electron density synthesis was 1.437 e-/Å3 and the largest hole was -0.550 e-/Å3 with an
RMS deviation of 0.085 e-/Å3. On the basis of the final model, the calculated density was
1.399 g/cm3 and F(000), 1972 e-.
2.6.2 [(6-Ph2TPA)Cu((CH3)PhC(O)C(Cl)C(O)Ph(CH3)]ClO4 (9). A total of 1038
frames were collected. The total exposure time was 2.31 hours. The frames were
integrated with the Bruker SAINT software package using a narrow-frame algorithm. The
integration of the data using a monoclinic unit cell yielded a total of 97107 reflections to a
maximum θ angle of 27.88° (0.76 Å resolution), of which 10837 were independent
(average redundancy 8.961, completeness = 100.0%, Rint = 3.66%, Rsig = 2.32%) and
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8960 (82.68%) were greater than 2σ(F2). The final cell constants of a = 14.3131(4) Å, b
= 28.8165(6) Å, c = 12.0076(3) Å, β = 113.287(2)°, volume = 4549.1(2) Å3, are based
upon the refinement of the XYZ-centroids of 9978 reflections above 20 σ(I) with 4.651° <
2θ < 55.86°. Data were corrected for absorption effects using the multi-scan method
(SADABS). The ratio of minimum to maximum apparent transmission was 0.884. The
calculated minimum and maximum transmission coefficients (based on crystal size) are
0.7350 and 0.9060.
The structure was solved and refined using the Bruker SHELXTL Software
Package, using the space group P 1 21/c 1, with Z = 4 for the formula unit,
C49H43Cl2CuN5O6. The final anisotropic full-matrix least-squares refinement on F2 with
599 variables converged at R1 = 3.53%, for the observed data and wR2 = 8.61% for all
data. The goodness-of-fit was 1.050. The largest peak in the final difference electron
density was 0.477 e-/Å3 and the largest hole was -0.449 e-/Å3 with an RMS deviation of
0.052 e-/Å3. On the basis of the final model, the calculated density was 1.361 g/cm3 and
F(000), 1932 e-.
2.6.3 [(6-Ph2TPA)Cu((CH3)PhC(O)C(Cl)C(O)Ph]ClO4 (11). A total of 1834
frames were collected. The total exposure time was 5.09 hours. The frames were
integrated with the Bruker SAINT software package using a narrow-frame algorithm. The
integration of the data using a triclinic unit cell yielded a total of 86888 reflections to a
maximum θ angle of 27.88° (0.76 Å resolution), of which 9512 were independent
(average redundancy 9.135, completeness = 100.0%, Rint = 2.80%, Rsig = 1.61%) and
8340 (87.68%) were greater than 2σ(F2). The final cell constants of a = 12.0542(7) Å, b
= 12.6821(8) Å, c = 14.6052(8) Å, α = 71.483(3)°, β = 71.004(3)°, γ = 79.409(3)°, volume
= 1993.8(2) Å3, are based upon the refinement of the XYZ-centroids of 9687 reflections
above 20 σ(I) with 4.717° < 2θ < 55.81°. Data were corrected for absorption effects
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using the multi-scan method (SADABS). The ratio of minimum to maximum apparent
transmission was 0.937. The calculated minimum and maximum transmission
coefficients (based on crystal size) are 0.7540 and 0.8360.
The structure was solved and refined using the Bruker SHELXTL Software
Package, using the space group P -1, with Z = 2 for the formula unit, C46H38Cl2CuN4O6.
The final anisotropic full-matrix least-squares refinement on F2 with 542 variables
converged at R1 = 3.66%, for the observed data and wR2 = 10.19% for all data. The
goodness-of-fit was 1.061. The largest peak in the final difference electron density was
0.850 e-/Å3 and the largest hole was -0.614 e-/Å3 with an RMS deviation of 0.062 e-/Å3.
On the basis of the final model, the calculated density was 1.461 g/cm3 and F(000), 906
e-.
3. Results

3.1 Synthesis and Characterization
A series of new chlorodiketones were prepared as outlined in Scheme 5-4. Each
compound was characterized by 1H NMR and mass spectrometry. We note that the
preparation of chlorodiketone derivatives having stronger electron-withdrawing
substituents than chlorine was not pursued due to the tendency of such compounds to
undergo oxidative carbon-carbon bond cleavage under the oxidative conditions required
for their preparation.
A series of CuII chlorodiketonate complexes akin to 4 were prepared containing
various substituents at the para position of the diketonate aryl rings (8-12, Scheme 5-5).
Each complex was isolated as a microcrystalline solid from diethyl ether diffusion into a
dichloromethane solution of the compound. Elemental analysis data is consistent with
the retention of a variable amount CH2Cl2 solvate in each solid. Complexes 8, 9, and 11
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Scheme 5-4. New chlorodiketones prepared using a previously reported
literature procedure.3

were characterized by single crystal X-ray crystallography. All complexes were
characterized by elemental analysis, UV-vis and infrared spectroscopy, and mass
spectrometry.
Representations of the X-ray crystallographically determined structures of the
cationic portions of 8, 9, and 11 are shown in Figure 5-1. Details of the X-ray data
collection and refinement are given in Table 5-1. Selected bond distances and angles
are given in Table 5-2. Two structurally similar but crystallographically independent
cations are found in the asymmetric unit of the para-methoxy derivative 8. Each cation
contains a Cu(II) center in a distorted square pyramidal geometry ( = 0.05 and 0.1311,
respectively) with coordination to the oxygen atoms of the diketonate ligand and the
pyridyl and tertiary amine donors of the 6-Ph2TPA chelate ligand in the basal plane.
Weak coordination to one of the phenyl-appended pyridyl donors occurs in an axial
position. The other phenyl-appended pyridyl donor is positioned beyond bonding
distance. A similar coordination geometry is found in 9 and 11 ( = 0.03 and 0.02,
respectively).11 Notably, the cationic portions of 8, 9, and 11 all exhibit a more square
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Scheme 5-5. Preparation of Cu(II) chlorodiketonate complexes containing various para
substituents.

pyramidal Cu(II) center than the parent compound 4 ( = 0.40). The Cu-O (~1.92 Å) and
Cu-N (~1.97-2.04 Å) distances are similar throughout the family of compounds. The
C(38)-Cl distance found in all three compounds (~1.74-1.75 Å) is similar to that found in
4. The monosubstituted diketonate in 11 shows some minor differentiation in the C-C
bond lengths within the diketonate unit (C(37)-C(38) 1.420(3) and C(38)-C(39) 1.398(2)
Å, respectively), however the C-O distances are within experimental error (C(37)-O(1)
1.266(2) and C(39)-O(2) 1.277(2) Å, respectively).
Selected spectroscopic features for 8-12 are given in Table 5-3. Similar to the
parent compound 4, each compound exhibits an intense absorption feature (~12000 –
16000 M-1cm-1) at ~370 nm that is tentatively assigned to a π-π* transition within the
diketonate moiety. As expected, a broad d-d feature at 620-630 nm is also present in the
spectra of the d9 Cu(II) derivatives.
The redox behavior of the complexes was studied by cyclic voltammetry (CV).
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Figure 5-1. Representations of the cationic portions of the X-ray structures of a) 8, b) 9,
and c) 11. Two independent cations are found in the asymmetric unit of 8.
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Table 5-1. Summary of X-ray data collection and refinement for 80.5CH3CN0.5Et2O,
9CH3CN and 11.

empirical formula
formula weight
crystal system
space group
a (Å)
b (Å)
c (Å)
 (deg)
 (deg)
 (deg)
3
V (Å )
Z
-3
density (calcd) Mg m
temp (K)
3
crystal size (mm )
diffractometer
-1
Abs. coeff. (mm )
2 max (deg)
Reflections collected
indep. reflections
variable parameters
b
R1 / wR2
2
goodness-of-fit (F )
-3
largest diff. (e Å )

80.5CH3CN0.5Et2O
C94H80N8O16Cl4Cu
0.5 (C4H10O)0.5(CH3CN)
1904.18
triclinic
P-1
11.9638(7)
13.6833(9)
27.9410(18)
82.511(4)
85.729(4)
87.539(4)
4519.9(5)
2
1.399
150(1)
0.11 x 0.29 x 0.34
Nonius Kappa CCD
0.661
55.76
150498
21526
1175
0.0610/0.1462
1.115
1.437/-0.550

11
9CH3CN
C47H40N4O6Cl2CuCH3CN C46H38N4O6Cl2Cu
932.32
monoclinic
P21/c
14.3131(4)
28.8165(6)
12.0076(3)
90
113.287(2)
90
4549.1(2)
4
1.361
150(1)
0.15 x 0.42 x 0.50
Nonius Kappa CCD
0.652
55.76
97107
10837
599
0.0353/0.0794
1.0500
0.477/-0.449

877.27
Monoclinic
P-1
12.0542(7)
12.6821(8)
14.6052(8)
71.483(3)
71.004(3)
79.409(3)
1993.8(2)
2
1.461
150(1)
0.25 x 0.39 x
0.41 Kappa
Nonius
CCD
0.739
55.76
86888
8340
542
0.0366/0.0980
1.061
0.850/-0.614

a

Radiation used: Mo K ( = 0.71073 Å). bR1 = ∑ | |Fo| - |Fc| | / ∑ |Fo|; wR2 = [∑[w(Fo2-

Fc2)2]/[∑(Fo2)2]]1/2 where w = 1/[2(Fo2) + (aP)2 + bP].

The cyclic voltammograms of 8, 9, 11, and 12 show a one-electron non-reversible wave
that is attributed to the CuII/CuI redox process. The voltammograms are shown in Figure
5-2, and the results are summarized in Table 5-3. Electron donating and electron
withdrawing substituents on the phenyl appendages of the diketonate ligand induce only
minor changes in the redox potential of the CuII center. The cathodic peak potentials
(Epc) range between -0.255 and -0.355 V and fall within range for the one-electron
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Table 5-2. Selected bond distances (Å) and angles for 80.5CH3CN0.5Et2O,
9CH3CN and 11.
80.5CH3CN0.5Et2O
Cu(1)-O(1)
Cu(1)-O(2)
Cu(1)-N(1)
Cu(1)-N(2)
Cu(1)-O(3)
Cu(1)-N(3)
Cu(1)-N(4)
N(1)-Cu(1)-O(1)
O(1)-Cu(1)-O(2)
O(2)-Cu(1)-N(1)
O(1)-Cu(1)-N(2)
N(2)-Cu(1)-O(2)
N(1)-Cu(1)-N(2)
O(2)-Cu(1)-N(3)
O(1)-Cu(1)-N(3)
N(1)-Cu(1)-N(3)
N(2)-Cu(1)-N(3)
O(1)-Cu(1)-N(4)
O(2)-Cu(1)-N(4)
N(1)-Cu(1)-N(4)
N(2)-Cu(1)-N(4)
N(2)-Cu(1)-N(3)
N(1)-Cu(1)-N(3)
N(3)-Cu(1)-N(4)

Cation #1
1.900(2)
1.930(2)
1.986(3)
2.025(3)

Cation #2(A)
1.920(2)
1.917(2)
1.973(3)
2.040(3)

9CH3CN

11

1.9198(11)
1.9113(11)
1.9743(14)
2.0420(14)

1.9305(12)
1.9295(13)
1.9996(15)
2.0369(14)

2.432(3)
2.413(3)
91.90(9)
90.76(9)
176.50(10)
173.71(11)
92.99(10)
84.17(11)

93.91(11)
91.40(10)
170.80(11)
178.61(11)
89.49(10)
85.35(11)
85.62(10)
103.95(10)
100.35(11)
75.05(10)

2.4441(15)
94.42(5)
91.48(5)
173.15(5)
175.10(5)
89.46(5)
84.95(6)

94.31(5)
90.73(5)
171.78(6)
174.23(6)
89.89(6)
84.44(6)
82.96(5)
109.34(5)
101.42(6)
76.43(5)

111.20(10)
80.71(10)
100.43(10)
74.44(10)

reduction of CuII-TPA type complexes (-0.2 to -0.4 V).12
The EPR spectra of 8-12 collected at 20 K as frozen CH3CN solutions are shown
in Figure 5-3, with g and A values that were obtained directly from the spectra given in
Table 5-3. The perpendicular regions of these spectra contain hyperfine coupling
suggestive of the coupling with three equivalent 14N centers as previously described for
4.4a Overall, the EPR spectroscopic features are consistent with retention of the square
pyramidal structure in acetonitrile solution. All of the compounds exhibit the expected
molecular ion in positive ion in ESI-MS analysis.
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Table 5-3. Spectroscopic characterization data for complexes 8-12.

IR (cm )

MS
[M-ClO4]+

EPR
(g,)

EPR
(A,)
Hz

Epc (V)

373 (13236)
621 (69)

1524, 1330, 1098
(ClO4), 622 (ClO4)

822.2029a
822.2068b

2.321,
2.031

501, 34

-0.255

9

367 (12520)
623 (76)

1532, 1337, 1106
(ClO4), 624 (ClO4)

790.2130a
790.2109b

2.324,
2.032

494, 36

-0.355

10

369 (15980)
626 (61)

1535, 1337, 1095
(ClO4), 623 (ClO4)

792.1923a
792.1935b

2.321,
2.032

498, 30

---

11

364 (11737)
626 (72)

1536, 1338, 1103
(ClO4), 622 (ClO4)

776.1974a
776.1989b

2.323,
2.032

496, 32

-0.331

12

370 (11292)
630 (55)

1538, 1336, 1092
(ClO4), 620 (ClO4)

832.1038a
832.1053b

2.326,
2.033

493, 32

-0.262

Complex

UV-vis
(nm)
(ε, M-1cm-1)

8

-1

a

Calculated; bFound

Figure 5-2. CV of (a) 8; (b) 9; (c) 11; and (d) 12 with ferrocene as the internal standard.
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Figure 5-3. EPR spectra of 8-12 (a-e, respectively) collected at 20 K.
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3.2 O2 Reactivity Studies
3.2.1 Product characterization. Exposure of solutions of 8-12 to O2 for 24 h at
room temperature results in the loss of the diketonate π-π* transition consistent with
oxidative cleavage of the diketonate moiety. Analysis of the headspace gas following the
reaction indicates a CO2:CO mixture (~0.75:0.15) akin to that identified for the reaction
of 4 with O2. Removal of the CuII from solution via acidification and elution through a
silica plug using ethyl acetate gave a solution containing the organic products that result
from oxidative cleavage of the diketonate. These products were analyzed using GC-MS.
As shown in Figure 5-4, a mixture of carboxylic acid and 1,2-diketone products were
obtained. This reactivity is akin to that observed for 4 where similar species were the
major organic cleavage compounds identified. The formation of 1,2-diketone species
suggests the involvement of a triketone intermediate in the reaction pathway as was
identified in the reaction of 4. Overall, the product recovery studies do not provide any
evidence for any difference in the oxidative cleavage chemistry as a result of the
presence of para substituents on the diketonate moiety.
3.2.2 Kinetic Studies. Monitoring of acetonitrile solutions of 8-11 under pseudo
first-order conditions with respect to O2 at 25 C using UV-vis spectroscopy revealed
loss of the diketonate π-π* transition (~370 nm) as a function of time. Each complex
exhibits an immediate first-order decay process (Figure 5-5). Pseudo first-order rate
constants for these reactions are given in Table 5-4. Notably, complex 12 instead
exhibits a lag phase akin to that observed for 4. This lag phase (Figure 5-5), which
based on studies of 4 is attributed to the need to build up a concentration of chloride ion
to access a lower energy reaction pathway, is longer than that observed for 4 under
identical conditions (~500 seconds). Similar to the reactivity of 4, this lag phase can be
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Figure 5-4. Diketonate oxidative cleavage products resulting from the reactions of 8-12
with O2.
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Table 5-4. Rate constants for the reaction of complexes 8-12 with O2.
kobs (s-1)

Complex

Lag Phase
Observed?

O2 Only

O2 and 0.05 eq TBACl

8

No

1.9(1) x 10-4

2.43(7) x 10-4

9

No

2.99(5) x 10-4

3.9(2) x 10-4

10

No

3.7(2) x 10-4

4.7(3) x 10-4

11

No

3.98(4) x 10-4

5.01(2) x 10-4

12

Yes

2.4(2) x 10-3

3.61(7) x 10-3

removed through the addition of a catalytic amount (0.05 eq) of choride ion.
Based on the dramatic chloride ion effect observed for 4 and 12 wherein the lag
phase can be removed with introduction of a catalytic amount of the anion, we have also
examined how the presence of added chloride ion influences the reactivity of 8-11 with
O2. Pseudo first-order rate constants for the reactions of 8-11 with excess O2 in the
presence of 0.05 eq of chloride ion are given in Table 5-4. Each reaction exhibits an
approximate ~20% enhancement in the rate constant. As was previously noted for 4, the
pseudo first-order rate constant for 12 also increases in the presence of added chloride
ion.
3.2.3 Anion Binding Studies. To evaluate whether 8-11 will bind chloride ion to
the CuII center, initial anion-binding studies were performed using UV-vis spectroscopy
under anaerobic conditions. Monitoring the d-d transitions of 8, 9, and 12, a red-shift was
observed along with an increase in intensity was observed upon addition of chloride ion
(Figure 5-6) in each case. Using the data collected for 9, a model was developed using
HypSpec 2014 that yielded a binding constant of log K = 2.38. This value is similar to
that found for 4 (log K = 1.84(3))4b and to other CuII compounds that involve coordination
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Figure 5-5. Change in absorbance observed as a function of time for the reaction of: (a)
8 and (b) 12 with O2 under pseudo first-order conditions at 25 ⁰C. Insets in each plot
show the ln[absorbance] versus time plots.

157

Figure 5-6. Absorption spectral changes for the d-d transitions of a) 8, b) 9, and c) 12
upon addition of various amounts of chloride anion in CH3CN at 25 ⁰C.
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of a second anion to the CuII center.13
4. Discussion

The preparation, characterization, and initial evaluation of the O2-dependent
oxidative carbon-carbon bond cleavage reactivity of a series of CuII chlorodiketonate
complexes having different electronic substituents on the chlorodiketonate unit has been
performed. These studies provide evidence that the electronic properties of the
diketonate moiety affect the reaction pathway leading to oxidative carbon-carbon bond
cleavage. Specifically, while similar O2 reaction products are obtained in all cases
(carboxylic acids and 1,2-diketones), the kinetic properties of the reactions involving
complexes having electron-donating substituents (8-11) are clearly different from those
of 4 and 12. Whereas the latter compounds exhibit a lag phase that is indicative of high
barrier for initial O2 activation in the absence of chloride ion (calculated TS1, H‡ = 25.9
kcal/mol for 4)4b, the former complexes (8-11) exhibit clean first-order decay with no lag
phase. This suggests a change in the rate determining step.
It is interesting to note that the observed rate constants decrease by ten-fold for
8-11 as compared to the measured rate constant for the accelerated portion of the decay
of 4 and 12 in the presence of O2. On the basis of the limited subset of compounds
characterized by X-ray crystallography (8, and 11), a consequence of the presence of
electron-donating substituents on the diketonate moiety is a more square pyramidal CuII
center than is found in 4. This change in geometry may affect the electronic
communication within the CuII-diketonate unit thereby affecting the redox process
involved in O2 activation which is expected to be rate-determining. Modification of the
electron density within the diketonate unit may also impact O-O bond cleavage wherein
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Scheme 5-6. Proposed O2 activation pathways for CuII chlorodiketonate complexes
containing electron-donating and neutral/electron-withdrawing substituents.

nucleophilic displacement of the chloride from a peroxo chlorodiketonate species needs
to occur. Based on the experimental findings thus far, a reaction mechanism has been
proposed for the O2 activation process. As shown in Scheme 5-6, O2 could be reduced
through an outer-sphere electron transfer process for the diketonate ligands containing
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electron donating groups, similar to that proposed for the redox inert bacterial quercetin
dioxygenases.14 However, in the case of the unsubstituted diketonate or in the presence
of an electron withdrawing substituent, it is proposed that these species are capable of
accessing a CuI-diketonate radical transition state to form a copper-bound superoxide
species. In both pathways shown in Scheme 5-6 the superoxide species would be
extremely unstable and immediately form a bridging peroxide species from which the
same reaction pathway would lead to C-C bond cleavage. Further investigations of these
possibilities are currently being pursued computationally.
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CHAPTER 6

CONCLUSIONS

The research outlined in this dissertation has focused on investigating dioxygendependent aliphatic carbon-carbon bond cleavage reactions. The first portion of this
publication involves investigation of the photochemistry of RuII-flavonolato compounds
which results in C-C bond dioxygenase reactivity within the flavonolato ligand. The latter
segment of this dissertation focuses on mechanistic investigations of the oxidative
cleavage reactivity of CuII-chlorodiketonate complexes.
Recently, RuII-arene compounds containing a bioactive flavonoid ligand have
been of interest for use as anticancer agents. It has been shown that RuII-areneflavonolato complexes display high cytotoxicity in the low μM range. Flavonoids are a
naturally occurring component of plant materials and are known for their broad range of
beneficial biological properties. Ruthenium flavonolato compounds have been shown to
possess multiple modes of action, with the metal center responsible for DNA-binding and
cytotoxicity, and the flavonoid portion capable of enzyme inhibition.1 Recently, photoactivation has received significant attention as an approach toward controlling the overall
biological activity of RuII-arene compounds. Irradiation of RuII compounds has been
shown to lead to selective photo-dissociation of ancillary ligands and subsequent
complex activation.2 The cellular toxicity induced by photo-release of these bioactive
molecules has proven RuII-arenes as an attractive scaffold for photodynamic therapy
(PDT).
The Berreau lab has previously reported a series of divalent metal-flavonolato
compounds which undergo carbon-carbon bond cleavage within the flavonolato ligand
and release of carbon monoxide upon photoirradiation in the presence of O2.3 We
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suspected that in the context of PDT the RuII-flavonolato compounds may be susceptible
to degradation, which could potentially affect their biological activity and may be useful
as a source for CO release. Investigation of the photoinduced reactivity of RuII-p-cymene
flavonolato compounds revealed that the flavonolato ligand does indeed display light
induced CO release reactivity, albeit with low quantum efficiency. Degradation of the
flavonolato ligand was confirmed by the observed formation of C-C cleavage products
and CO.
The degradation of the biologically active flavonoid in RuII-flavonolato compounds
is significant in terms of their application as anti-cancer agents. The photo-degraded
products were found to be non-toxic compared to the starting compound. This implicates
that the use of photodynamic therapy is capable of altering the cytotoxicity of such
compounds. A decrease in cytotoxicity may present a method by which to deactivate
these types of compounds in vivo. Additionally, the photoproducts were found to be
capable of coordinating to biologically relevant donors such as histidine. This finding
suggests that light induced reactivity could alter the metal binding properties of the RuII

Scheme 6-1. Photoreactivity of RuII-arene-3-hydroxyflavonolato in the presence of O2
and the observed cleavage products.
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center with histidine-rich plasma proteins, and may offer alternative pathways by which
these compounds can be biologically active through protein-bound transport.
The research presented in chapters 3-5 of this publication focuses on the
oxidative cleavage of aliphatic carbon-carbon bonds using dioxygen as the oxidant in the
presence of a copper center. Molecular oxygen is an ideal oxidant; it is highly abundant,
atom efficient, and environmentally friendly. Reactions with O2, however, involve high
activation energies due to the spin-forbidden nature of the interaction of ground state O2
with organic substrates. In terms of application for synthetic organic reactions, little is
known regarding the mechanistic details for metal/O2-catalyzed cleavage of aliphatic
carbon-carbon bonds.
Enzyme systems that employ copper and O2 exploit the many advantages and
unique aspects of copper as a catalyst and O2 as an oxidant. Copper represents an ideal
catalyst as it is inexpensive, earth-abundant, and can access oxidation states ranging
from 0 to +3. This range in oxidation capability can enable one-electron radical pathways
or two-electron processes. The combination of copper and dioxygen allows for a wide
variety of possible transformations and mechanisms.4
An example of a Cu-containing metalloenzyme capable of selective carboncarbon bond cleavage is fungal 2,3-quercetin dioxygenase (2,3-QD). This enzyme
catalyzes the C-C bond cleavage of quercetin, a naturally occurring compound found in
fruits and vegetables. The CuII-metal center in 2,3-QD acts as an electron conduit
enabling the flow of one electron from the flavonolato substrate through the metal center
to reduce O2 by one electron.
Synthetic organic chemists have utilized molecular oxygen and copper catalysts
for many organic transformations.4 These include reports demonstrating aliphatic C-C
bond cleavage mediated by copper and O2 for which the mechanistic details are limited.
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In the design of catalysts for organic transformations, it is common to screen a number
of reaction conditions with various metals, metal counter-ions, ligands, solvents, and
temperatures in order to identify an optimized synthetic procedure. Once an optimized
procedure has been deduced, another large set of substrates may then be screened in
order to probe the scope of the reaction for a particular set of conditions. For example,
Jiao et. al. reported the Cu-catalyzed oxidative cleavage of 1,3-diphenyl-propanedione in
the presence of O2 to give benzil (Scheme 6-2).5 An example of the various conditions
screened to optimize the reaction conditions is given in Table 6-1. This example
demonstrates that organic transformations of this type are often optimized through a trial
and error process. It is of interest to understand the mechanism by which copper
catalyzed oxidative cleavage occurs for a specific substrate set in order to improve the
efficiency by reducing the time, cost, and chemical waste by-products in terms of
designing synthetic procedures.

Scheme 6-2. Optimized conditions for the C-C bond cleavage reactivity of 1,3-diphenylpropanedione.5

In order to probe the oxidative cleavage reactivity of β-diketones using O2 as the
oxidant and copper as a catalyst, we developed the well defined complex [(6Ph2TPA)Cu(PhC(O)CClC(O)Ph)]ClO4 (6-Ph2TPA: N,N-bis((6-phenyl-2-pyridyl)methyl)-N
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Table 6-1. Sample set of the reaction conditions screened by
Jiao et al. in order to optimize the catalytic C-C bond cleavage
reaction shown in Scheme 6-2.5
Catalyst

Additive

Solvent

Temperature

% Yield

None

None

Toluene

100

0

CuBr

None

Toluene

100

51

CuBr2

None

Toluene

100

44

CuCl

None

Toluene

100

Trace

CuI

None

Toluene

100

Trace

CuOAc

None

Toluene

100

Trace

CuBr

KBr

Toluene

100

49

CuBr
CuBr

LiBr
TBAB

Toluene
Toluene

100
100

29
Trace

CuBr

None

Acetonitrile

Reflux

Trace

-((2-pyridyl)methyl)amine) which can be monitored in terms of its O2 reactivity by several
spectroscopic methods. Characteristic absorption and EPR features of this complex
make it amenable to mechanistic investigation. Kinetic studies conducted by monitoring
the π-π* absorption feature associated with the diketonate band revealed remarkably
enhanced reactivity in the presence of a catalytic amount of added chloride anion.6
Anion binding studies along with variable temperature kinetic studies and computational
modeling revealed that the nature of the counter anion present in the copper salts plays
a significant role in altering the energy barriers associated with O2 activation and O-O
bond cleavage within the chlorodiketonate unit. Our work suggests that the CuII metal
center in this system acts as an electron conduit to facilitate O2 activation and the
formation of a bridging peroxo intermediate. Significantly, substitution of the bulky 6Ph2TPA with bipyridine in the complex system retained O2-dependent cleavage reactivity
of the β-diketonate.
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When the electronic properties of diketonate in the [(6Ph2TPA)Cu(PhC(O)CClC(O)Ph)]ClO4 system were altered, the same cleavage products
were observed. However, changes in the kinetic properties of the O2 reactions were
observed as a function of the electronic nature of the diketonates. The preliminary
experimental data leads us to hypothesize that a change in mechanism has occurred.
The work presented herein regarding CuII-β-diketonate complexes highlights the
versatile nature of copper. The CuII center can act as either a electron conduit for the
activation of O2, or simply as a Lewis Acid. It is clear that there is a delicate interplay of
anion interaction with the metal center and electronic effects on the diketonate substrate
that influence the rate of C-C bond cleavage. The results presented in this dissertation
provide mechanistic insight that can be used toward application for catalytic systems.
Future work would lead this area in the direction of forming simple in situ Cu-ligated
system capable of selective oxidative cleavage of β-diketones.
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Figure A-1. ESI mass spectrum of 8 dissolved in CH3CN.
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a)

b)

Figure A-2. a) Absorption spectra of 8 and 3a-3c in CH3CN. b) Absorption (red) and
emission (blue) spectra (ex = absorption maximum as shown) of 3a-3c in CH3CN.
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Figure A-3. ESI mass spectral analysis of the reaction products generated upon
irradiation of 8 in CH3CN at 300 nm for 18 h in the presence of O2. The isotope patterns
for the proposed cations match those predicted shown in Figure A-4.

176

Figure A-4. Top: Ruthenium-containing products generated upon irradiation of 8 in
CH3CN at 300 nm for 18 h in the presence of O2. Middle: Expanded views of the isotope
envelopes of the observed ESI mass spectral data. Bottom: Predicted isotopic
distributions for the formulations.
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Figure A-5. ESI mass spectrum of a CH3CN solution of the reaction products generated
upon irradiation of 8 in CH3CN at 419 nm for 39 h in the presence of O2. All species
identified matched calculated isotopic distribution envelopes.
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Figure A-6. ESI mass spectrum of a CH3CN solution of the reaction products generated
upon irradiation of 8 at 419 nm for 24 h in the presence of 18O2. All species identified
matched calculated isotopic distribution envelopes.
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Figure A-7. ESI mass spectrum of a CH3CN solution of the reaction products generated
upon irradiation of 3a at 419 nm for 40 h in the presence of O2. All species identified
matched calculated isotopic distribution envelopes.
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Figure A-8. IR spectral features of the products of the photoirradiation of 3a at 419 nm
for 40 h in the presence of O2.
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Figure A-9. ESI mass spectrum of a CH3CN solution of the products generated upon
irradiation of 3a at 419 nm for 12 h in the presence of O2. All species identified matched
calculated isotopic distribution envelopes.
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Figure A-10. ESI mass spectrum of a CH3CN solution of the products generated upon
irradiation of 3b at 419 nm for 12 h in the presence of O2. All species identified matched
calculated isotopic distribution envelopes.

Figure A-11. ESI mass spectrum of a CH3CN solution of the products generated upon
irradiation of 3c at 419 nm for 12 h in the presence of O2. All species identified matched
calculated isotopic distribution envelopes.
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Figure A-12. IR spectral features of the products generated upon irradiation of 3b at 419
nm for 12 h in the presence of O2.
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Figure A-13. IR spectral features of the products generated upon irradiation of 3c at 419
nm for 12 h in the presence of O2.
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Figure A-14. ESI mass spectrum of a CH3CN solution of the products generated upon
irradiation of 8 at 300 nm in DMSO/H2O (10:90) for 45 h in the presence of O2. All
species identified matched calculated isotopic distribution envelopes.
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Figure A-15. Aliphatic proton region of the 1H NMR spectra of the photoproduct mixture
9, 10, and 12 in d6-DMSO:D2O (10:90). a) Initial sample. b) After 2.5 h at 21 oC. c) After
213.5 h at 21 oC. d) After 213.5 h at 21 oC followed by heating at 37 oC for 24 h. e)
Product mixture in the present of 8 eq. His and 24 h heating at 37 oC. f) Product mixture
in the present of 5 eq. 5’-GMP and 24 h heating at 37 oC.
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Figure A-16. Aromatic proton region of the 1H NMR spectra of the photoproduct mixture
9, 10, and 12 in d6-DMSO:D2O (10:90). a) Initial sample. b) After 2.5 h at 21 oC. c) After
213.5 h at 21 oC. d) After 213.5 h at 21 oC followed by heating at 37 oC for 24 h. e)
Product mixture in the present of 8 eq. His and 24 h heating at 37 oC. f) Product mixture
in the present of 5 eq. 5’-GMP and 24 h heating at 37 oC.
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Figure A-17. 1H NMR spectra of the reaction of 8 with 5’-GMP in d6-DMSO:D2O (10:90)
at ambient temperature. a) 8; b) 8 + 1 eq. 5’-GMP; c) 8 + 5 eq. 5’-GMP and 24 h. Signals
associated with D2O and d6-DMSO are marked with s.
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Figure A-18. 1H NMR spectra of the reaction of the photogenerated mixture of 9, 10 and
12 with 5’-GMP in d6-DMSO:D2O (10:90). a) product mixture; b) 1 eq. 5’-GMP; c) 5 eq.
5’-GMP; d) 5 eq. 5’-GMP + 24 h at 37 oC.
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Figure B-1. Rose-Drago plots for absorption changes that occur in the a) * and b)
d-d absorption band regions of 1 upon addition of chloride ion at 25 oC under anaerobic
conditions.
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Figure B-2. a) d-d region of the absorption spectra of CH3CN solutions of 1 upon
addition of various amounts of chloride ion (Bu4NCl) under anaerobic conditions. b) Best
fit model of eq 1 using HypSpec2014, which gave log K = 1.84(3). c) Speciation diagram
for the equilibrium of 1 and 1Cl upon chloride addition to 1 in CH3CN at 25 oC (generated
using HySS using d-d transition changes).
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Table B-1. Comparison of bond distances in the primary coordination sphere of 1 and
the DFT geometry-optimized structures of 1 and 1Cl.

1

Geometry
Optimized 1

Geometry
Optimized 1Cl

Cu-ODk

1.9199(14)

1.932

2.016

Cu-ODk

1.9245(15)

1.936

1.927

Cu-NPy

1.9992(18)

2.022

1.992

Cu-NAm

2.0333(17)

2.143

2.220

Cu-NPhPy
Cu…NPhPy
Cu-Cl

2.3394(18)
3.09

2.437
2.501

3.008
2.448

Figure B-3. Representations of optimized structures of ground state 1 (left) and the
lowest lying LMCT of 1 (right) computed using TD-DFT method with CAM-B3LYP
functional.
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Table B-2. Bond distances (Å) for 1 and lowest LMCT.

1

LMCT

Cu-ODk

1.92

1.98

Cu-ODk

1.93

2.08

Cu-NPy

2.00

2.15

Cu-NAm

2.09

2.27

Cu-NPhPy

2.52

2.40

Cu…NPhPy

2.68

2.44

Figure B-4. Representations of TS1 (left) and TS1Cl (right). Hydrogen atoms are omitted
for clarity.
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Table B-3. Bond distances (Å) for TS1 and TS1Cl.

TS1

TS1Cl

Cu-ODk

2.092

2.291

Cu-NPy

2.059

2.064

Cu-NAm

2.191

2.154

Cu-NPhPy

2.317

Cu…NPhPy

2.756

2.562

Cu-O

1.974

2.028

Cu-Cl
O-O

2.346
1.336

1.352

Figure B-5. Representations of 1-P (left) and 1-PCl (right). Hydrogen atoms omitted for
clarity.
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Table B-4. Bond distances (Å) for 1-P and 1-PCl.

1-P

1-PCl

Cu-ODk

2.068

Cu-NPy

2.027

2.046

Cu-NAm

2.138

2.167

Cu-NPhPy

2.473

2.419

Cu…NPhPy

2.581

Cu-O

1.934

Cu-Cl

1.945
2.361

O-O

1.510

1.526

Table B-5. Pseudo first-order rate constants for the reaction of 1 with O2 in the presence
of Bu4NCl (0.05 eq).

Temperature (oC)

kobs (s-1)

15

1.4(1) x 10-3

25

2.26(4) x 10-3

35

3.89(8) x 10-3

45

8.8(3) x 10-2
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Figure B-6. Eyring plot for the reaction of 1 with O2 in the presence of Bu4NCl (0.05
eq). H‡ = 10(1) kcal/mol, S‡ = -36(6) cal/mol K.

Figure B-7. Representations of 1-T (left) and 1-TCl (right). Hydrogen atoms omitted for
clarity.
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Table B-6. Bond distances (Å) for 1-T and 1-TCl.

1-T

1-TCl

Cu-Otri

2.024, 1.940

2.086

Cu-NPy

1.983

2.033

Cu-NAm

2.145

2.251

Cu-NPhPy

2.320

2.274

Cu…NPhPy

2.564

2.965

Cu-O(Cl)
O-Cl
Cl….C(triketone)

1.913
1.861

1.844
2.472

Figure B-8. Representation of TS2Cl-homo . Hydrogen atoms omitted for clarity.
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Table B-7. Bond distances (Å) for TS2Cl-homo.

Cu-O

1.89

Cu-NPy

2.05

Cu-NAm

2.37

Cu-NPhPy

2.15

Cu-Cl

2.36

Figure B-9. Representation of TS2Ph. Hydrogen atoms omitted for clarity.
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Table B-8. Bond distances (Å) for TS2Ph.

Cu-OTri

2.32

Cu-OTri

2.09

Cu-O

1.97

Cu-NPy

2.01

Cu-NAm

2.14

Cu-NPhPy

2.29

Figure B-10. Representation of TPh. Hydrogen atoms omitted for clarity.
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Table B-9. Bond distances (Å) for TPh.

Cu-OTri

1.95

Cu-OTri

2.03

Cu-NPy

2.00

Cu-NAm

2.12

Cu-NPhPy

2.30

Cu…NPhPy

2.70

Figure B-11. Representation of TS2Cl_Ph. Hydrogen atoms omitted for clarity.
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Table B-10. Bond distances (Å) for TS2Cl_Ph.

Cu-OTri

2.21

Cu-Cl

2.57

Cu-O

1.98

Cu-NPy

2.13

Cu-NAm

2.18

Cu-NPhPy

2.30

Figure B-12. Representation of TCl_Ph. Hydrogen atoms omitted for clarity.
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Table B-11. Bond distances (Å) for TCl_Ph.

Cu-OTri

2.09

Cu-Cl

2.33

Cu-O

2.30

Cu-NPy

2.01

Cu-NAm

2.22

Cu-NPhPy

2.30

Figure B-13. Calculated structures of M, M-ClO and M2.
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Figure B-14. ESI-MS of the product mixture from the reaction of 3 with O2 in CH3CN.
Inset: Calculated isotope pattern for [Cu(bipy)2(ClO4)]+.
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Figure B-15. Absorbance versus time plot for the reaction of 3 with O2 in CH3CN at 25
o

C in the absence and presence of a catalytic amount of Cl- ion. The pseudo first-order

rate constants for the rapid decay portion are 3.25(3) x 10-3 s-1 and 3.2(1) x 10-3 s-1 (0.05
eq Cl-), respectively.
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Figure B-16. Top: Rose-Drago plots for absorption changes that occur in the a) *
and b) d-d absorption band regions of 3 upon addition of chloride ion at 25 oC under
anaerobic conditions. Bottom: c) Spectroscopic changes in the d-d region of 3 upon
addition of Cl- ion. d) Modeling of the spectroscopic changes associated with chloride
binding for the equilibrium of 3 with 3Cl gives log K = 4.1(7). e) Speciation diagram for the
equilibrium of 3 and 3Cl upon chloride addition to 3 in CH3CN at 25 oC under anaerobic
conditions. Generated using HySS using d-d transition changes.
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Figure B-17. a) ESI-MS of the products of the reaction of 1 with O2 in CH3CN. b) ESIMS of independently synthesized 4 in CH3CN. c) Observed isotope pattern for the
molecular ion of 4 ([(6-Ph2TPA)Cu(OC(O)Ph)]+) in CH3CN and calculated isotope
pattern.
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Figure B-18. Comparison of the EPR spectrum of the product mixture generated from
the reaction of 1 with O2 with that of analytically pure 4. Spectra were obtained at 4.5 K.
For 4, g// = 2.23, g = 2.03, A//(63,65Cu)= 280 MHz.
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Figure B-19. Dependence of the observed rate constant for the reaction of 1 and O2 with
increasing chloride ion concentration in CH3CN at 25 oC. The differences observed
between the respective tetralkylammonium salts may relate to differences in ion pairing.
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Figure B-20. Rose-Drago plots for absorption changes that occur in the *
absorption band region of 1 upon addition of benzoate ion at 25 oC under anaerobic
conditions.
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Figure B-21. (Left) Absorption spectral changes observed upon addition of various
amounts of benzoate ion to a CH3CN solution of 1 under anaerobic conditions (25 oC, 1
mm cuvette). (Center) Modeling of benzoate addition data using HypSpec2014, which
gave log K = 2.81(2). (Right) Speciation diagram for the equilibrium of 1 and 1b upon
benzoate addition to 1 in CH3CN at 25 oC.
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Figure B-22. EPR features of 1 + 5 eq Bu4NOC(O)Ph at 4.5 K.

Table B-12. Comparison of bond distances in the primary coordination sphere of 1 and
the DFT geometry-optimized structures of 1 and 1b.

1.932

Geometry
Optimized
1Cl
2.016

Geometry
Optimized
1b
1.985

1.9245(15)

1.936

1.927

1.926

Cu-NPy

1.9992(18)

2.022

1.992

1.993

Cu-NAm

2.0333(17)

2.143

2.220

2.148

Cu-NPhPy

2.3394(18)

2.437

3.008

2.794

Cu…NPhPy

3.09

2.501

1 (X-ray)

Geometry
Optimized 1

Cu-ODk

1.9199(14)

Cu-ODk

Cu-Cl
Cu-OBenz

2.448
2.139
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Figure B-23. Representations of TS1Cl (left) and TS1b (right). Hydrogen atoms are
omitted for clarity.

Table B-13. Bond distances (Å) for TS1Cl and TS1b.

TS1Cl

TS1b

Cu-ODk

2.291

2.310

Cu-NPy

2.064

2.030

Cu-NAm

2.154

2.147

Cu-NPhPy

2.562

2.650

Cu-O

2.028

2.030

Cu-Cl

2.346

Cu-OBenz
O-O

1.352

1.960
1.347
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Figure B-24. Representations of 1-PCl (left) and 1-Pb (right). Hydrogen atoms are
omitted for clarity.

Table B-14. Bond distances (Å) for 1-PCl and 1-Pb.

1-PCl

1-Pb

Cu-NPy

2.046

2.028

Cu-NAm

2.167

2.152

Cu-NPhPy

2.419

2.556

Cu-O

1.945

1.956

Cu-Cl

2.361

Cu-ODk

Cu-OBenz
O-O

1.951
1.526

1.529
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Figure B-25. Representation of TS2b_Ph. Hydrogen atoms are omitted for clarity.

Table B-15. Bond distances (Å) for TS2b_Ph.

Cu-Ob

1.98

Cu-NPy

2.08

Cu-NAm

2.21

Cu-NPhPy

2.39

Cu-O

2.06
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Figure B-26. Representation of Tb_Ph. Hydrogen atoms are omitted for clarity.

Table B-16. Bond distances (Å) for Tb_Ph.

Cu-Ob

1.93

Cu-OTri

2.20

Cu-NPy

1.99

Cu-NAm

2.21

Cu-NPhPy
Cu-O

2.35
2.26

217

Figure B-27. Absorbance versus time plots for the reaction of 3 with O2 at 25 oC in the
absence and presence of 1 eq of Bu4NOC(O)Ph.
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